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EXECUTIVE SUMMARY

This study examines the analysis methods to estimate bridge scour in Missouri bridges. In the 1990s the
Missouri Department of Transportation (MoDOT) engaged in a project to assess the bridge scour for about
200 bridges in their highway network. This study consisted of 1-D hydraulic modeling and scour analysis
of the riverine systems crossed by the respective bridges. These previous studies used the WSPRO
software andincorporated only four cross sections for each model. Since then, the analysis methods and
data available have changed s ignificantly meriting a re-evaluation of how to conduct bridge scour analysis.
The research objectives of this study included the following:

e Provide recommendations for sediment/soil sampling methods;
e Comparescour estimates computed using 1-D and 2-D hydraulic modeling approaches; and
e Conduct arisk assessment, due to scour, for the bridges studied by the project.

The first phase of the project involved the selection of bridge sites for detailed study. Initially, ten
sites were selected for a preliminary site reconnaissance and further screening. Incollaboration with the
MoDOT Technical Advisory Council for this project and personnel from the Research Section, the final
selection of five bridge sites was made to undergo detailed analysis. The selected sites varied in bridge
size and typology, from 40 feet to over 1,000 feet in bridge length.

Following the selection process, the research team focused on collecting field data and
assembling data from existing data sources for the five bridge sites. The geologic, mapping, and
topographic (lidar) information available was collected from the different sources and compiled for each
bridge site. The field data collected consisted of soil/sediment samples, bathymetry data (ADCP), GPS
data, ground-basedlidar, and structuralinformation.

The collected field data were processed and prepared for use in the hydraulic modeling and scour
analysis methods. The soil/sediment samples were analyzed in the geotechnical laboratories to
determine the soil parameters needed for soil classification and scour analysis. The topographic and
bathymetricinformation from the field and other sources were assembledinto one terrain model of the
riverbed and floodplain for each site. Several techniques were involved in stitching (or joining) the
different datasets for below water (bathymetry) and overbank terrain (topography).

Once the datasets were assembled, hydraulic modeling was conducted using 1-D and 2-D
methods. Two storm events were evaluated for every simulation conducted for this study, 100- and 500-
yr storms. The 1-D hydraulic models included WSPRO (from the previous MoDOT studies) and HEC-RAS,
and SRH-2D was used as the 2-D model. The hydraulic parameters computed by the models were used
as input for the scour calculations, which were facilitated by the FHWA'’s Hydraulic Toolbox software
program. AIlHEC-RASand SRH-2D scour calculations were conducted in accordance with the HEC-18 fifth
edition guidelines, while the previous WSPRO studies used methods from the fourth edition of HEC-18.
The resulting contraction, abutment, pier scour, and total scour estimates were evaluated and plotted
along the cross-section of the bridge including structural elements, such as girders, bents, pile caps, piles,
and abutments.

The recommended methods for soil/sediment sampling in the overbank areas were soil augers or
test pits and over water witha FISP or clamshell sampler. The overall locations are on the upstream side
of the bridge about 20 ft in front of every bridge bent, including the abutment bents. The depth of
sampling of the near-surface erodible materials is sufficient to a depth of 3 feet. This provides adequate
variability of soil conditions that matchthe input for the scour calculations.

Xi
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One of the important final tasks was to assess the risk caused by the predicted scour upon the
bridge structure. Given that each bridge has a unique foundation, these assessments were done
individually for the soil, bedrock, and foundation conditions.

A comprehensive comparison of computed scour results from the different hydraulic modeling
methods (1-D WSPRO, 1-D HEC-RAS, and 2-D SRH-D) was conducted. Key findings from comparing model
results were: 1) the angle of attack was the dominant pier scour input parameter (automatically computed
with 2-D modeling but difficult to estimate with 1-D modeling) and 2) flow conveyance over inundated
roadway embankments was significantly greater for SRH-2D relative to the HEC-RAS model, resulting in
the HEC-RAS models computing higher discharges and velocities through the bridge opening. Further, the
contrast between user interfaces of the different models proved to be challenging when using HEC-RAS
for 1-D hydraulic modeling. Selecting cross-section locations near bridges was difficult for many of the
sites due to the river meandering and roadway orientation. Preparing model input parameters for each
cross-section of the 1-D model (e.g., roughness values and ineffective flow areas) was also significantly
more tedious in comparison to the 2-D input methods. The ability of the Hydraulic Toolbox software
program to automatically determine input parameters for scour calculations directly from the SRH-2D
output data format made nearly all inputs significantly easier, faster, and more accurate than determining
input parameters from 1-D model outputs. To use Hydraulic Toolbox with input parameters from HEC-
RAS, each input was either manually copied from the 1-D model results or manually computed using flow
hydraulic parameters available from the 1-D model results. Inthese manual computations of input scour
parameters, many potential sources of human error would threaten the validity of the results if the
complicated specified procedures were not followed.

It was concluded that given the new availability of terrain data, current computing resources, and
ease of use, the 2-D modeling methods are recommended for future use at MoDOT. Itis recognized that
advanced training in handling complex data sets of terrain and data collection at bridge sites may be
pertinent for in-house staff or some consultants. Further, due tothe differences in the HEC-RASand SRH-
2D estimated scour depths, reanalyzing high-riskand/or visually vulnerable bridges is recommended.

Xii
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1 INTRODUCTION

Ground transportation and dynamic river networks have complex intersections that require bridges to
enable safe passage across water conveyance channels. Throughout Missouri, approximately 10,000
bridges exist in the state transportation system in addition to another 15,000 bridges on local roads.
Erosion of bridge foundations, also known as bridge scour, is the leading cause of bridge failure in the
United States (Arneson et al., 2012). Total scour at a bridge is the result of three different types of scour
processes: 1) long-term bed degradation caused by regional channel instability, 2) contraction scour
caused by flow contraction through a narrowed bridge opening, and 3) local scour caused by flow
accelerationand increased hydrodynamic forces around bridge piers and abutments. Bridges threatened
by scour, termed “scour critical”, can be identified using the National Bridge Inspection Standards (NBIS).
The scour vulnerability of a structure is rated using a scale that progresses from “no threat of scour” to
“failed bridge due to scour”. A scour critical bridge is one deemed unstable due to observed scour or
scour potential determined from a scour evaluation study. Bridge scour evaluations, a part of the NBIS,
aid in predicting the depth and size of scour that will occur at bridge sites during extreme flood events.

Bridge scouring is a complex, three-dimensional process that historically has been evaluated using
one-dimensional (1-D) hydraulic analysis techniques coupled with empirical relationships from laboratory
data and a single sediment sample collected from the streambed (Arneson et al., 2012). Over the past
decade, the FWHA has been promoting the use of two-dimensional (2-D) hydraulic modeling (e.g.,
Sedimentation and River Hydraulics Two-Dimensional (SRH-2D) program) for hydraulic analysis instead of
1-D models as computational efficiencies have increased and the data necessarytosupport 2-D models,
such as lidar data, have become more prevalent (FHWA, 2019). The quality and amount of input data,
such as topography and channel bathymetry, were previously limited by available technology and data
collection inefficiencies. Compared to modern techniques, former data collection methods were time-
consuming and expensive, and generally provided low-resolution data. Topographic/bathymetric data are
now available at greater convenience with enhanced resolution capabilities, making the use of more
accurate hydraulic models less expensive and more accessible. Currently, a limited number of studies
have compared different modeling methods and input data resolutions for estimating bridge hydraulic
conditions and associated scour (Garcia-Santiago, 2021; Yu, 2008; Deal, 2017).

The primary objectives of this project were to:

e Provide recommendations for sediment/soil sampling collection methods including sampling
locations and depths.
e Comparescour estimates computed from:
o 1-D low-resolution hydraulic models (WSPRO) with a single sediment sample,
o 1-D high-resolution hydraulic models (HEC-RAS) with sediment samples collected at
severallocations within the approach cross section, and
o 2-D hydraulic models (SRH-2D) with sediment samples collected at several locations
within the approach cross section; and
e Conduct arisk assessment, due to scour, for the bridges studied by the project.

To meet the project objective, the following tasks were completed:

e aliteraturereview of pastand present scour modeling methods and similar studies;

e aselection of five bridges sites in Missourithat represent a broad spectrum of field conditions;

e data collection for the five sites, including compilation of existing data (e.g., lidar, bridge plans,
and borehole data) and field data collection (e.g., sediment samples, bathymetry, and GPS
coordinates);
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e numerical hydraulic modeling using 1-D and 2-D computer software programs;
e scour estimation based on hydraulic modeling results; and
e a comparison of methods and results.

This report details the tasks completed to address the above objectives and is organized to present the
following information: background information (Chapter 2), selection of study site locations (Chapter 3),
field data collection and processing methods (Chapter 4), methods used for hydraulic and scour analysis
(Chapter 5), results of hydraulic and scour analysis (Chapter 6), discussion of results (Chapter 7), and
conclusions and recommendations for future research (Chapter 8). The bulk of the detailed results are
shown in the appendices as high-resolution color graphics, but highlighted results and examples are
presented within the body of the report.



Impacts of Hydraulic Modeling Methods on Bridge Scour Estimates WATER I N STITUTE

MoDOTTR202017

2 BACKGROUND AND LITERATURE REVIEW

Various methods have been developed to analyze bridge scour, each with its strengths and limitations.
The most commonly employed approach is one-dimensional (1-D) or two-dimensional (2-D) numerical
modeling of hydraulic conditions (e.g., approach flow depth and approach velocity) coupled with empirical
equations to estimate the scour depth. In addition to this method, other methods for estimating scour
include physical modeling and numerical hydraulic modeling that includes sediment transport processes
that can simulate the erosion of the bed material over time. Construction and operation of physical
models are generally time-consuming and cost prohibitive for bridge scour analysis but are used for high-
risk sites that have complex pier scour conditions such as unique pier shapes or multiple adjacent piers
that may generate complex flow conditions. Process-based numerical modeling of scour has significant
potential but requires bed material erosion input properties which can be difficult to estimate such as
critical velocity and/or shear stress for erosion and erosion rate. This section details the different types
of numerical modeling used for bridge scour analysis and provides information on the empirical analysis
methods usedto estimate scour.

2.1 Numerical Hydraulic Modeling Methods

For bridge scour analysis, numerical hydraulic models are used to estimate hydraulic conditions near the
bridge site which are then used as inputs into empirical equations to estimate scour depths. Numerical
hydraulic models currently used to calculate pier and abutment scour at bridges over rivers fall into one
of three categories: 1-D, 2-D, or 3-D, as shown in Figure 2-1. Each model type incorporates an increasing
level of data and demand for computational capacity, with 3-D being the most comprehensive at capturing
flow conditions. Though 3-D models are the most detailed, they are not always necessary or feasible,
which is why 1-D and 2-D models are more commonly used. The limited use and documentation of 3-D
models to predict scour has also prevented industry adoption of the practice.

1D model geometry 2D model geometry 3D model geometry

1D model output 2D model output

Figure 2-1: Example 1-D, 2-D, and 3-D model geometryand output (FHWA, 2019).
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Before the implementation of computer software in hydraulic modeling, the standard-step
numerical method calculated water surface profiles and flow conditions using the principles of
conservation of mass and conservation of energy (Chow, 1959). The US Army Corps of Engineers (USACE)
Hydraulic Engineering Center (HEC) developed software inthe late 1960s which utilized Chow’s standard-
step method to compute water surface profiles. This popular program known as “HEC-2 Water Surface
Profiles” (USACE, 1991) evolved and became available in 1984. HEC-2 initiated a transitionin the US from
mathematical equations to numerical models for performing bridge hydraulic analyses (FHWA, 2019).

The original modeling software programs, including HEC-2, were only capable of computing cross-
section averaged flow velocity in one-dimension, the streamwise direction. Water-Surface PROfile
(WSPRO), another 1-D model developed by the FHWA and USGS, was built with an emphasis on bridge
waterways (FHWA, 1998). HEC’s River Analysis System (HEC-RAS) replaced HEC-2 in 1995 with an
advanced graphical user interface while incorporating aspects of the WSPRO bridge modeling
methodology. Though the assumption of strictly streamwiseflow may be accurate for channels of uniform
flow and geometry, most natural river systems — especially those containing complex bridge openings,
behave differently thanthe model assumes. Therefore, model outputs provide little insight into the actual
3-D flow interacting with bridge piers, abutments, and roadways.

2.1.1 HEC-RAS Analysis Methods

HEC-RAS uses the standard step hydraulic analytical method to compute water surface profiles and
associated flow depths and flow velocities at defined cross-section locations along a river reach (Brunner,
2016). For steady-state subcritical flow, the standard step method input requires a downstream water
surface elevation and a flow rate. With a known downstream hydraulic condition, the water surface
elevation at the next upstream cross sectionis computed using conservation of energy principles coupled
withthe Manning’s equationto estimate energy loss between the two cross sections. The following is the
conservation of energy equation form used in HEC-RAS:

o, V oy VP Eq. (2.1)
Zg = Zl + yl + Zg + he

where z is the elevation of the main channel inverts (ft); y is the depth of water (ft); V is the average
velocity (ft/s); o« is the velocity weighting coefficient; g is the gravitational constant; and h, is the energy
head loss (ft). Subscripts 1 and 2 denote the downstream and upstream cross-section locations,
respectively. The energy loss term, h,, is composed of the friction losses and expansion or contraction
losses:

Zyt Y, +

o, VE oy V2 Eq. (2.2)
29 29

he=LS_f+C<

where L is the discharge weighted reach length (ft); S_f is the average friction slope between two cross

sections (computed using the average conveyance method); C is the expansion or contraction loss
coefficient; and all other terms have been previously defined. The average friction slope is computed
using the average conveyance method as shown in Eq. 2.3:

e _ (Ut Eq. (2.3)
5 = <K1 + KZ)

where Q is the flow rate and K is the conveyance as defined by:
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1486 2 Eq. (2.4)

K= AR
n

where n is the Manning’s roughness coefficient; A is the flow area (ft2); and R is the hydraulic radius (ft).

Using the standard step method, calculations progress upstream from cross section to cross
section. The resulting output data includes the water-surface profile along the reach and flow depths and
flow velocities at each cross section for the channel, left overbank (LOB), and right overbank areas (ROB).

2.1.2 SRH-2D Analysis Methods

SRH-2D uses the 2-D steady-state St. Venant equations (also known as the shallow water equations) which
are based on conservation of momentum and conservation of mass principles coupled with depth-
averaged velocities (Lai, 2008). The 2-D steady-state St. Venant equations are given as the following:

dh dhU 0hV Eq. (2.5)
—+t——+—— =
at  dx  dy
0hU 0hUU 0OhVU OhT,, OhI, 0Z Tpy Eqg. (2.6)
ot TTax Ty T ax T ay I, tPut Dy
0hV  0hUV 0hVV  0OhT,, OhT, 0z T
_ My yy—gh——%+Dyx+Dyy Eq. (2.7)

ot " ox Ty ~ ox ' oy dy

where h is flow depth (ft); t is time (s), x and y are horizontal Cartesian coordinates; U and V are depth-
averaged velocity components in x and y directions, respectively, Ty, Ty,, and T,,, are depth-averaged
stresses due to turbulence stress (Ib/ft?); and Dy, Dy, Dy, and D,,,, are dispersion terms due to depth
averaging (ft?/s?), p is water density (slugs/ft3), and 7,,, and 7;,, are the bed shear stresses (Ib/ft?). Bed
friction components are computed using the following form of the Manning’s equation:

(Tbx) _ p(%)(g)m Eqg. (2.8)

Tby

where n is the Manning’s roughness coefficient and other terms have been previously defined. Lai (2008)
provides additional information on how turbulent stress and dispersionterms are computed.

The governing equations (Eq. 2.5 — Eq. 2.7) are discretized using the finite-volume approach. The
solution domain is an unstructured mesh (quadrilateral or triangular elements) for which all dependent
variables are stored at the center of the polygon. To compute a solution, Eq. 2.5, 2.6, 2.7, and 2.8 are
integrated over the elements using the Gauss theorem. Additional information on this process is available
in the SRH-2D theory and user’s manual (Lai, 2008). Key SRH-2D output values include water-surface
elevation, flow depth, and flow velocity at the center of each element.

2.2 Bridge Scour Calculation Methods

Three different mechanisms can cause bridge scour: long-term degradation, contractionscour, and local
scour around piers and abutments. These different types of scour are combined to determine an
estimated cross-section bed elevation after a storm event known as a scour prism. The following sections
review the available methods most commonly usedto calculate bridge scour, which are the methods used
in this study.
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2.2.1 Contraction Scour

Contraction scour occurs when the flow areais decreased (i.e., contracted) at a bridge section relative to
the approach flow conditions. This phenomenon causes increased unit discharge rates and associated
flow velocities that result in increased transport capacity and bed material erosion. Contraction scour is
classifiedand evaluated as either a live-bed, clear-water, or pressure flow condition. Generally, live-bed
contraction scour occurs when the flow velocity in the upstream approach section is greater than the
critical flow velocity for Dso transport, and clear-water contraction scour occurs when the flow velocity in
the upstream approach section is less than the critical flow velocity for Dso transport. Eq. 2.9 is the
equation provided by HEC-18 to compute the critical velocity of the median particle size, V_:

V, =11.17y"/6D}® Eq. (2.9)

where y is the average flow depth upstream of the bridge (ft); and Dy is the median grain particle size.
Armoring of the bed by large sediment particles may limit live-bed contraction scour depths. Accordingly,
HEC-18 recommends computing both live-bed and clear-water contraction scour depths and using the
smaller of the two values. Pressure flow occurs when the bottom of the bridge deck is submerged and
the flow area under the bridge is acting as an orifice. For the pressure flow conditions, contraction scour
should be computed using the pressure-flow analysis, live-bed analysis, and clear-water analysis method
and the largest of the computed scour depths is used for design.

2.2.1.1 Live-Bed Contraction Scour

For live-bed contraction scour, HEC-18 uses the following formula to compute the flow depth in the
contracted section following scour, y, (i.e., original flow depth in contract section plus contraction scour
depth):

V2 (%)6” (%)"1 Eq. (2.10)

Y1

where y, is the average flow depth in the upstream main channel (ft); y, is the average flow depth in the
contractedsection (ft); y, is existing flow depth in the contracted section prior toscour (ft); @ is the flow
in the upstream channel transporting sediment (cfs); Q, is the flow in the contracted channel (cfs); W; is
the bottom width of the upstream main channel thatis transporting bed material (ft); W, is the bottom
width of the main channel in the contracted section minus the pier widths (ft); and k; is an exponent
determined by the mode of bed material transport. Although Eqg. 2.10 is not a complicated formula,
several nuances should be considered when determining the input values for eachvariable. HEC-18 goes
into significant detail about how the input values are determined for various conditions.

2.2.1.2 Clear-Water Contraction Scour

For clear-water contraction scour, HEC-18 uses the following formula to compute the flow depth in the
contracted section following scour, y,:

3/7
Y2 =7 23,,,

DR

where Q is the discharge through the bridge or on the set-back overbank area at the bridge associated
with the width, W (ft); D, is the diameter of the smallest non-transportable particle in the bed material
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(estimatedas 1.25D¢,) inthe contracted section (ft); and W is the bottom width of the contracted section
minus pier widths (ft).

2.2.1.3 Pressure Flow Contraction Scour

To compute scour depth for pressure flow conditions, initially a y, value is computed using either Eq. 2.10
for live-bed conditions or Eq. 2.11 for clear-water conditions. The separation zone thickness is then
computed using the following formula:

t_ ool °'2<1 hw>‘°-1 Eq. (2.12)
=05 _

hy hy

where hy, is the vertical size of the bridge opening prior to scour (ft); h; is the distance from the water
surfaceto the lower face of the bridge girders (ft); h,, is the weir flow height (h,, = h; — T for h; > T or
h,, = Ofor h; < T); T is the height of the obstruction including girders, deck, and parapet. The pressure
flow contractionscour depth is then computed as follows:

Ys=Y, tt+hy Eq. (2.13)
Figure 2-2 is a schematicillustrating the variables usedin the pressure flow contraction scour analysis. As

with the other contraction scour analysis methods, HEC-18 provides several additional considerations that
can influence the values that should be usedin the calculations.

I}«

v
h [, Weir flow _ =
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T T T T
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h, Orifice discharge. T |

QorQ, S R |

Figure 2-2. Schematic illustrating variables usedin the pressure flow contractionscour analysis (from
Arneson, 2012)

2.2.2 AbutmentScour

The National Cooperative Highway Research Program (NCHRP) (2010) method detailed in HEC-18 was
used for abutment scour computations. This method defines three types of abutment scour conditions:
(a) scour occurring when the abutment is in or close to the main channel (type A), (b) scour occurring
when the abutment is set back from the main channel (type B), and (c) scour occurring when the
embankment breaches and the abutment foundation acts as a pier (type C). Scour conditions (a) and (b)
were used for this study. Figure 2-3 shows anillustration of the conditions (a) and (b) from HEC-18.
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Bank Collapse
Near Toe of

Figure 2-3. Schematics illustrating abutment scour conditions for (a) type A abutment configuration and
(b) type B abutment configuration (adapted from Arnesonet al., 2012)

The NCHRP (2010) abutment scour approach applies an amplification factor to a simplified contraction
scour estimate (not the actual computed contraction scour). Eq. 2.14 provides the equation to compute
the maximum flow depth resulting from abutment scour in ft, V4, :

Ymax = @aYc OF Ymax = ApJYc Eq. (2.14)

where a, is the amplification factor for scour conditions (a); ay is the amplification factor for scour

condition (b); and y, is the flow depth including the simplified live-bed or clear-water contraction scour
estimate (ft). Eq2.15is then used to compute the abutment scour depthin ft, y; :

Vs = Ymax — Yo Eqg. (2.15)

where y, is the flow depth prior to scour (ft). For scenarios with a projected embankment length greater
than 75% of the floodplain width (i.e., condition (a)), Eq. 2.16is used to compute the flow depth including
the simplified contraction scour estimate, y, :

=y (@)6/7 Eq. (2.16)
c 1 ql

where y; is the upstream flow depth (ft); g, is the unit discharge in the constricted opening accounting

for non-uniform flow distribution (ft2/s); and q is the upstream unit discharge (ft2/s). For scenarios with
a projected embankment length less than 75% of the floodplain width (i.e., condition (b)), Eq. 2.17is used

to compute Ve
6/7 Eq. (2.17)
yo = —2
© \1117D

where @, is the unit discharge in the constricted opening accounting for non-uniform flow distribution
(ft2/s)and all other variables have been previously defined.

The amplification factors, a, and ay are determined from charts as a function of the abutment
shape (spill-through or wingwall) and the q,/q, ratio. The amplification factors range from approximately
1.1to 2.6 depending on the conditions. Since the NCHRP (2010) method uses a simplified approach to
compute the contraction scour prior to amplification, the contraction scour computed by the methods
detailed in Section 2.2.1 may resultin a scour depth larger thanthe computed abutment scour depth. In
this case, the larger contraction scour depth is the controlling scour depth value.
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2.2.3 Pier Scour

Pier scour is caused by flow acceleration near the channel obstruction. Figure 2-4 illustrates the scour
process using flow lines. Flow lines approaching the pier are deflected down and around the pier stem
causing 3-D vortices that progress downstream. The largest scour depth occurs immediately upstream of
the pier caused by the downward flow accelerationat that location. The vortices extend the scour hole
downstream of the pier stem. Pier scour depths are dependent upon approach flow conditions, pier
geometry, and bed material. HEC-18 provides pier scour calculation methods for several conditions
including a simple pier structure with granular bed material, a complex pier structure with granular bed
material, a simple pier structure with coarse-bed material, and a simple pier structure with cohesive bed
material. To provide the largest number of data points for comparison of modeling methods and to
maintain consistency with the original WSPROs studies, the cohesive pier scour method was not employed
in this study. The following sections detail the analysis methods for the simple pier, complex pier, and
coarse bed pier conditions. As recommended by the fifth edition of HEC-18 (Arneson et al., 2012), the
thalweg hydraulic conditions were used for calculations at each pier as the thalweg may migrate laterally
during large flow events. This contrasts with the HEC-18 fourth edition method that uses local hydraulic
conditions to compute scour, which was usedin the WSPRO studies (Richardson and Davis, 2001).

Surface Wakes
A

Figure 2-4: Illustration of flow dynamics causing scour at a bridge pier (from Amini, 2016).

2.2.3.1 Simple Pier Scour Analysis Method

The HEC-18 pier scour equation was used to compute scour depths for simple pier structures with non-
coarse bed material or complex piers that did not have the pile cap exposed by the computed contraction
scour depth. The HEC-18 formula to compute pier scour depth, y, in ft is shown in Eqg. 2.18:

Eq. (2.18)

Ys 20K KK (—)O'GSFrO-“
}’1 . 142403 yl 1

where y; is the flow depth directly upstream of the pier (ft); K; is the correction factor for pier nose shape;
K, is the correction factor for flow angle of attack; K5 is the correction factor for bed condition; a is the

pier width (ft); L is the pier length (ft); Fr, is the Froude number as defined by V; /\/gy1; V; is the mean

flow velocity directly upstream of the pier (ft/s). The pier nose shape correction factor, K;, ranges from
0.9for a sharpnoseto 1.1 for a square nose. The flow angle of attack correction factoris computed using
Eqg. 2.19:

L 0.65 Eq. (2.19)
K, = (cos 0 +asin 9)
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where 6 is the flow angle of attackand all other terms have been previously defined. The correction for
bed conditions, K, is determined by the channel bedforms and ranges from 1.1 for plane bed conditions
to 1.3 for large dunes.

2.2.3.2 Complex Pier Scour Analysis Method

The complex pier scour analysis method was used for complex pier structures that had the pile cap
exposed by the computed contraction scour. The complex pier scour analysis method determines the
total pier scour depth by computing and adding scour depths associated with each pier component (i.e.,
pier stem, pile cap, and piles). The method is used when the pile cap is exposed by the computed
contraction scour. The method is called “superposition of scour components” and computes and sums
scour depths associated with bridge components that are exposed toflow. The following formula is used
to compute the total scour depth from superposition of the pier components, y, in ft:

Ys = Yspier T Yspc t Yspg Eq. (2.20)

where Y ;e is the scour component for the pier stemin the flow (ft); v, is the scour component for
the pier cap or footing in the flow (ft); and y; 4 is the scour component for the piles exposedto the flow
(ft). Scour depths for each of the components are computed using the simple pier scour equation (Eq.
2.18) withan equivalent sized pier that accounts for the irregular pier components, modified flow depths
and velocities, and height adjustments for the pier stem and pile group. The method is fully described in
Arneson et al. (2012) but not included herein due to the complexity of the analysis and the report space
limitations.

2.2.3.3 Coarse-Bed Pier Scour Analysis Method

The coarse-bed pier scour calculation method was used to compute scour depths for simple pier
structures with clear-water conditions and bed material with a Ds, greater thanor equal to20 mm and a
sediment gradation coefficient (¢ = Dg,/Ds,). Eq.2.21 provides the formula to compute coarse-bed pier
scour depth, yg, in ft:

H? Eq. (2.21)
ys = 1.1K; K, a®6%2y-38tanh <W>

where K;, K,, a, y;, and V; are defined in Eq. 2.18; H is the densimetric particle Froude number
(V1/49(Sg — 1) Ds); Sy is the sediment specific gravity; and all other terms have been previously defined.

2.3 Comparisons of 1-D and 2-D Hydraulic Modeling for Bridge Scour

Prior studies have compared scour estimations between 1-D and 2-D numerical hydraulic models. A study
of a singular bridge site in Puerto Rico (Garcia-Santiago, 2021) compared scour outputs using the same 1-
D and 2-D modeling software — HEC-RAS and SRH-2D. On this occasion, only the output hydraulic
conditions of SRH-2D were input to the FHWA’s Hydraulic Toolbox to estimate scour. Scour depths
betweenthe two models varied by more than50% in some instances, and so did the hydraulic conditions
used to estimate scour, such as velocity in the approach section and flow depth directly upstream. The
study determinedthe outputs of SRH-2D to be more accurate since the program automatically calculates
variables that must be estimated and manually enteredinto HEC-RAS, including skew angle of abutments,
angle of attackof the piers, ineffective areas, and contraction/expansion coefficients, among others.

Prior to SRH-2D, Flo2dh, part of the FHWAs Finite Element Surface-water Modeling System
(FESWMS), was a 2-D model built specifically to predict hydraulic conditions and bridge scour. Flo2dh did
not see widespread utilization due to difficulty in use. There were few instances of actual model
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applications which were subjected to field verification (Yu, 2008). HEC-RAS, a 1-D model, proved much
simpler to set up and therefore preferred.

Another comparison between HEC-RAS and SRH-2D took into consideration results from various
bridge sites, finding the simulation duration of SRH-2D may be prohibitively time-consuming (Deal, 2017).
SRH-2D predicted deeper scour than HEC-RAS across the different study sites, possibly due to significant
differences in flow divisions through multiple bridge openings (Deal, 2017).
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3 STUDY BRIDGE SITES
3.1 Bridges Selected for Preliminary Field Site Visits

In consultation with the MoDOT Technical Advisory Committee and Project Manager, ten potential bridge
sites were initially identified for the study. Sites were selectedto provide a broad representation of the
different site conditions throughout Missouri. The key elements of interest were bridge size, bridge skew
relative to the river flow path, and bed material composition. The availability of bathymetric data was
also a consideration for site selection. A map of the ten recommended bridge sites for preliminary field
site visits is shown in Figure 3-1 and Table 3-1 lists the bridge names and other relevant details for each
of the ten sites. The following summarizes some of the key details for the selectedsites:

e Bathymetric Data Available: four sites have USGS bathymetric data (A-1411, A-3760, L-0550, and
A-4497).

e Bed Material: based on surficial geologic information, four sites likely have cohesive riverbed
material (A-3618, H-0024, J-0287, and L-0564), and the remaining six sites likely have cohesionless
riverbed sediments.

e Bridge Skew: threesites are likely skewed based on visual inspection of aerialimagery (H-0024, L-
0022, and L-0564).

e Bridge Size Classification: two sites are major bridges with lengths greater than 1000 ft (A-4497
and L-0550), the remaining eight sites are typical bridges with lengths between 20 and 999 ft.
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Figure 3-1: Map of bridge sites recommendedfor preliminary field site visits.
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Table 3-1. Reconnaissance ofthe ten initial bridge sites identified.

Bridge River Scour USGS Bathy- Bridge Likely Ozarks Size Skew
Route . County metry Length . .
ID Crossing Category Data Cohesive Location Class. (deg)
Data (ft)

Gasconade Typical

A-1411 MO 89S . Osage C Y Y 792 N Y . 0
River Bridge

A3618 RTBS MoreauRiver Cole c Y N 474 Y Y Typical 0
Bridge
Gasconade . Typical

A-3760 US63S ) Maries A N Y 994 N Y ) 0
River Bridge
. . Major

A-4497 US54 E MissouriRiver Cole B Y Y 3124 N Y . 0
Bridge

H-0024 RTPS Creek Audrain D N N 45 Y N Typical 0
Bridge

10287 MO151s GoodWater . ain c N N 87 Y N Typical
Creek Bridge
Typical

K-0008 MO39S HoneyCreek  Lawrence A N N 297 N N B\;?écgz 0

L0022 MO25S Wolf Creek  Stoddard A N N 77 N Y TB‘;fécgae' 40
. . Major

L-0550 US54 W MissouriRiver Callaway C Y Y 3093 N Y Bridge 0

L-0564 RTKE Dry Fork Montgo- C N N 236 Y N Typical - g
Creek mery Bridge
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3.2 Reconnaissance to Preliminary Bridge Sites

Field reconnaissance visits to each bridge site were conducted tovisually evaluate accessibility, upstream
and downstream hydraulics conditions, bridge geometries, and bed and bank sediment material. The
research team in collaboration with MoDOT personnel at each district conducted initial reconnaissance
at each site. Through the Research Section team, the respective districts were contacted to secure
support for the site visits for the ten sites initially selected following the above criteria and availability of
data. These bridge site reconnaissance visits served to document the field conditions at each site. General
information was collected for the purpose of further reducing the list to the selected five bridge sites.
During eachsite visit, notes were taken regarding the geological features, site access, water levels, canopy,
and general conditions of the bridge compared to the plans.

3.3 Final Selection of Bridge Sites

Based on the field site visits, five bridge sites were recommended in consultation with the MoDOT
Technical Advisory Committee and Project Manager. The selection process resulted inthe five bridge sites
representing several bridge types from major, typical, to small bridges. They are in different physiographic
regions: SE Lowlands, Ozarks, and Glaciated Plains. One bridge was originally selected in the Western
Plains, but it did not rank high enough to make the top five bridges. Figure 3-1 shows the locations of the
sites selected with a red marker. Further, Table 3-2 lists the bridge names and other relevant details for
each of the sites selected, including: route, river crossing, county location, scour category, and bridge
length. For each site, the following information was determined: bridge size classification, whether the
site has available USGS bathymetric data, whether the site is collocated with a USGS gage station, whether
the site likely has cohesive bed material, and whether the bridge is likely skewed relative to the river. The
following summarizes some of the key details for the selectedsites:

e Bathymetric Data Availability: two sites have USGS bathymetric data (A-3760 and L-0550).
e Bed Material: basedon field site observations, available engineering drawings, and surficial

geologic information, two sites have cohesive riverbed material (H-0024 and L-0564), and the
remaining three sites have cohesionless riverbed sediments.

e Bridge Skew: three sites are skewed based on field site observations and visualinspection of
aerialimagery (H-0024, L-0022, and L-0564).

e Bridge Size Classification: one site is a major bridge (bridge length greater than 1000 ft) (L-0550),
and the remaining four sites are typical bridges (bridge length between 20 and 999 ft).

A photograph of each of the five bridge sites is included in Figure 3-2 to accompany the summaryin Table
3-2. The selected sites have diverse bridge sizes and typology and are a good representative sample of
the bridges in the State of Missouri.
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Table 3-2. List of the five (5) bridge sites selected for the study.

Bridge Route Rive'r County Scour Bridge Likely
Name Crossing Category Length Skewed
H-0024 RTPS Creek Audrain D 45 ft 0
L-0022 MO 25 S Wolf Creek Stoddard A 77 ft 40
L-0564 RTKE Dry Fork Creek Montgomery C 236 ft 35
A-3760 US63S  GasconadeRiver Maries A 994 ft N
L-0550 US54 E MissouriRiver Cole B 3124 ft N

H-0024 — Creek

Selected Bridge Sites

L-0550 — MissouriRiver

Figure 3-2. Composite of the five bridge sites selected for this study.
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4 FIELD DATA COLLECTION AND PROCESSING METHODS

Numerical hydraulic models and the associated empirical scour calculations require an array of inputs to
estimate flow conditions and bridge scour depths. The field data collection and processing methods are
describedin this sectionincluding: geologic and geomorphological data, sediment/soil data, bridge plans,
topographic/bathymetric data, and hydrologic data. Most bridge sites involved at least two data
collection site visits and all the data were recorded and stored in accordance with the data management
plans submitted to MoDOT. Allreported elevation values for this study used the NAVD 88 vertical datum.
Further, the georeferenced data used the NAD 1983 State Plane Missouri East or Central FIPS 2401 (US
Feet) projected coordinate system.

4.1 Geologic and Geomorphological Data

Several sources are available to study geology and geomorphology in the State of Missouri and how the
different rivers continue defining the riverine system. The primary sources used were from the Missouri
Department of Natural Resources (MoDNR) Geologic Survey and MoDOT. Eventhough in several areas in
the state the bedrock is exposed, this study focused mostly on the surficial geologic materials and not
structural geology. The state is typically divided into four physiographic areas, as shown in Figure 4-1.
This project considered bridge sites at all four regions in the state of Missouri, which are: (1) Glaciated
Plains, (2) Western Plains, (3) Ozarks, and (4) Southeastern Lowlands.

MAJOR GEOLOGIC REGIONS OF MISSOURI

GLACIATED
PLAINS

s wEsTERN

'
k
]
]

Figure 4-1. Physiographic map of Missouri(MissouriState Highway Commission, 1962).

More detailed geologic maps are available through the MoDNR with georeferenced delineations
in the form of GIS databases (ArcGIS and Google Earth) and were used in the analysis. However, a
generalized view of the State’s surficial material is shown in Figure 4-2 available from the MoDNR.
Additionally, there are other surficial materials maps developed at a higher resolution scale, which show
more detail. These printed maps are mainly available for areas with a higher population or local interest
and are not available for the entire State.
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Figure 4-2. Surficial materials map of Missouri(adapted from MoDNR, 2023).

The surficial materials map shows Missouri contains generally the following: alluvium, loess,
glacial drift, residuum, bedrock, and surface water:

Alluviumis mainly composed of sediment deposited by river and stream systems located near
riverbanks and stream valleys (Kleiss, 2000). The surrounding areas of the lakes in Missouri
are also locations of various alluviums. Alluvial textures range from sand, silt, and clay.
Specific alluvial textures are described on the MoDNR surficial map legend.

Loess soils result from the glacial transport of silty material. Loess was frozen silt contained
in glaciers; during thawing of the glaciers, the sediment was deposited. Wind then
transported the soil to its resting position (Minor, 1974). These Aeolian processes have
scattered loess throughout the State of Missouriblanketing areas with thick to thin layers of
soil. The thickest deposits of loess are concentratedin relatively flat topographies (Missouri
State Highway Commission, 1962).

Glacial drift develops from glacial melting of sediment blanketing the region. Glacial drift soils
are generally a clay or sandy texture and predominantly reside in Northern Missouri. Glacial
drift is frequently blanketed by loess; however, erosion of the fine-grained loess material has
caused glacial drift to become the surface soil in many areas (Minor, 1974).

Residuum develops from the long-term weathering of exposed rock. Residuum texture is
predominantly clay with varying amounts of the sand, gravel, and stone content. The
residuum soil types have different mineral parent material such as chert, limestone,
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dolostone, and shale (MoDNR, 2007). The mineral composition dictates how the rock
weathers and the soil type that will result from that weathering including soil grain size and
structure.

e Bedrock is the exposed rock at the ground surface from various geologic time periods. The
types of bedrock outcropping are dependent on the period of the formation of the rock, such
as the Ordovician Period or the Mississippian Period (MoDNR, 2007). In perspective to the
previous soils, bedrock is relatively unweathered and is virtually unaffected by slope erosion
like alluvium, residuum, glacial drift, or loess.

e Surface water is the numerous networks of streams, reservoirs, and lakes found within the
State of Missouri. Surface water does not have soil or geologic properties, however, has
implications for the surrounding soil types and topographies.

4.2 Sediment/Soil Sampling and Laboratory Analysis

This section describes the methods used for soil sampling that took place over water (riverbed) and onshore
(floodplains and embankments). Allsoil sampling was directed and conducted by the researchteam, except
for the larger rivers that required a watercraft and assistance from a third party. Generally, the soil sampling
locations were on the upstream side of the bridge in front of the bridge piers. These locations varied
depending on the access to the locations and obstructions. Additionally, the soil laboratory analysis was
completed by the researchteamat the SLU geotechnical labs.

4.2.1 River Bedload Material (manualand from watercraft)

All the bridge/river sites analyzed had some level of water passing through, but the water levels varied from
a couple of feet to tens of feet. In some instances, researchers could cross the river with high boots or
waders, when water depths were about 1 to 4 ft depth. For the smaller bridge/river sites (L-0022, H-0024,
and L-0564) sampling was conducted with hand tools. An attempt was made to use an SPT split barrel and
Shelby Tube samplers, but in most cases, it was unsuccessful and impractical. The hand tool methods that
resultedin effective sampling were hand augers, shovels, and scoops, depending on the soil type. The hand
auger was effective for soils that contained some fines, at least 15%. The shovel and scoops were effective
when the water level was shallow. When the soil samples were cohesive, they were placed in glass jars and
when the soils were granular or bedload, they were placed in canvas bags.

In the larger bridge/river sites, the use of a watercraft was needed to conduct soil sampling. The
sampling tools were specialized bedload samplers. Depending on the depth of water and flow, the type of
sampler would vary. Typically, samplers developed by Federal Interagency Sedimentation Project (FISP)
were used overboard a watercraft. The FISP samplers have a torpedo shape that lines up with the water
flow and is then lowered by a winch or by hand so when the sampler hits the bottom, it scoops sediment
into the sampler with a spring-loaded clamshell mechanism. Thesetools have a limited sampling depth of
no more thansixinches, which is considered surface sampling of the bottom sediments. |f deeper materials
are ever required a mechanical drill or vibrating tool will be required. Figure 4-3 shows the different types
of samplers usedin this project.
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(c) BM-54 sampler being used from a USGS boat using a crane-mounted winch.

Figure 4-3. Bedload sediment samplers (source: Federal Interagency Sedimentation Project, 2023).

4.2.2 Floodplain and Embankments

Several soil sampling devices were considered for the floodplain and embankment locations. Both the SPT
split barreland thin walled (Shelby tube) samplers were evaluated but given the shallow depth of sampling
and lack of access to drill rig equipment, they were not used further. The primary tools used for sampling
were hand augers, scoops, andshovels. The sampling depth was limited to the top 2-3 feet below the root
line typically present in the floodplains and embankments. The main channel samples were surficial and
not more than approximately six inches deep when using the BM-54 sampler or hand shovels. All samples
collected were disturbed, or their density or consistency was not preserved. The soil samples were placed
in glass jars with a rubber seal, labeled, and transportedto the SLU geotechnical laboratories on the same
day of sampling. Soil samples were storedin a temperature-controlled environment and were analyzed or
tested within one or two weeks of arriving at the labs. Figure 4-4 shows a few examples of how the soil
sampling took placein the field.
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Figure 4-4. Soil sampling within the floodplains and embankments.

4.2.3 Soils Laboratory Analysis

Once the samples arrived at the SLU soil mechanics laboratory they were organized, logged, and prepared
for soil analysis testing. Immediately after opening the sample containers, the water content of all the
soil samples was determined by subsampling the original sample. Samples varied from very coarse
bedload material to fine-grained alluvial soils. Therefore, the different soil analysis tests were assigned
by the Co-PI Dr. Luna. A laboratory assignment sheet was used to assign lab tests to all the relevant
samples. So, the fine-grained soils were subjectedto hydrometer analysis and Atterberg limits, followed
in general accordance with the ASTM D4318 standard. The coarse-grained samples were assigned for
#200 sieve wash or full sieve analysis, and the tests were conducted in general accordance with the ASTM
D6913 standard (ASTM, 2023).

4.3 MoDOT Bridge Plans

The MoDOT Research Section made available bridge plans that varied in age from the 1920s to the 2000s.
This wide range of dates resulted in varied levels of detail in the plans. Some small old bridge plans
consisted of only two pages and the more modern large bridge plans were over 100 pages inlength. Some
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of the bridge plans included rehabilitation and retrofit plans, even countermeasures for bridge scour. The
bridge plan records were all in electronic form scanned from the original documents stored at MoDOT.
Many of the bridge drawings provided elevations in the NGVD29 vertical datum; these elevations were
converted to NAVD88 to establish a consistent datum for all project elevations. Plan views and profile
elevation views of the bridge drawings were digitized and georeferenced to provide the geometric data
required for hydraulic modeling and scour analysis.

4.4 Topographic/Bathymetric Data Collection and Processing

Topographic and/or bathymetric datasets were acquired for each of the sites tocreate surface geometry
needed by both the 1-D and 2-D hydraulic models. The datasets came from different types of sources,
some that were available online and others collected in the field for this project. The following sections
describe the methods used for terrain data collection.

4.4.1 GPS Topography

Survey grade measurements were made at key locations within the bridge sites. These locations were at
the bridge abutments, wing walls, and water levels to serve as benchmark points for all other survey
information usedat the site like Acoustic Doppler Current Profiler (ADCP) and lidar. GPS points collected
on the bridge were used to georeference bridge plans enabling digitizing bridge components within the
hydraulic models.

The collection method used consisted of handheld Trimble GPS units with the antenna mounted
on a tripod or rod. The GPS unit was connected via a Wi-Fi/cellular device tothe MoDOT Virtual Reference
Station (VRS) to enable differential correction. The Global navigation satellite system (GNSS) data are
broadcast as a real time network (RTN) via cellular communication. Survey data provided by the receiver,
once corrected, have a 2-3 cm accuracy per the Missouri GNSS website (MoDOT, 2023).

4.4.2 LidarTopography

Lidar data used in this project were obtained from existing online sources. Most counties in the state of
Missouri have topographic lidar data available at the Missouri Spatial Data Information Service (MSDIS)
website server (https://msdis.missouri.edu/data/lidar/). The data canbe downloaded via a web-based GIS
interface tool by county or by masking a desired area. All the lidar data are less than five years old and
typically have a resolution point spacing of 10 meters (~30 feet). The downloaded data files (*.LAS format)
consist of point clouds that were converted to a triangularirregular network (TIN) or a raster.

A Scanstation 2 terrestrial lidar unit was used to collect higher-resolution topographic data for the
Wolf Creek (L-0022) site in the region immediately adjacent to and under the bridge (data collected on June
16, 2021). The instrument creates a point cloud of measurements and has a surface precision of
approximately 6 mm ata 50 mrange. The GPS unit was used to georeference the location of the lidar point
cloud data.

4.4.3 ADCPBathymetry

The SLU researchteam acquired bathymetric data using a Teledyne RD RiverPro 1200 HZ ADCP at two of
the five bridge sites. This method is appropriate for rivers that are relatively shallow and calm. Atthe Dry
Fork Creek (L-0564) site, ADCP data were acquired by wading with an ADCP catamaran (collection date of
August9, 2021). At the Gasconade (A-3760) site, the ADCP catamaranwas pulled by a small private boat
(collection date of November 19, 2021). The ADCP coverage extended from approximately 15 channel
widths upstream of each bridge to approximately 15 channel widths downstream of each bridge.
Photographs of data collection at the Gasconade River and Dry Fork Creekare shown in Figure 4-5.
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Figure 4-5. Photographs of ADCP data collection
(a) Dry Fork Creek (L-0564) and (b) Gasconade River (A-3760).

4.4.4 USGS Multi-beamBathymetry

Multi-beam bathymetric data were acquired from USGS online sources for the Gasconade River (A-3760)
site (field data collection conducted in June 2017) (Huizinga, 2019) and the Missouri River (L-0550) site
(field data collection conducted in May 2017) (Huizinga, 2020). Multi-beam data have the highest
resolution available for bathymetric data. Figure 4-6 shows the multi-beam data for the Missouri River
(L-0550) site.

Elevation (ft)
=530.84 - 534.7
=526.99 - 530.84
523.13 - 526.99
519.28 - 523.13
515.42 - 519.28
=511.57 - 515.42
507.71 - 511.57
=503.86 - 507.71

0 0.020.04 0.07 0.1 0.14 R ( 4 =500 - 503.86
L m — VIS N

Figure 4-6. USGS multi-beam data for Missouri River (L-0550) site.

4.4.5 USACECross Section Bathymetry

For the Missouri River (L-0550) site, single-beam bathymetric data in the form of cross sections were
acquired from the U.S. Army Corps of Engineers (USACE). The cross sections, shown in Figure 4-7, were
collected in 2019.
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Figure 4-7. Locations of USACE 2019 single-beam cross sections at the Missouri River (L-0550) site.

4.4.6 Generating Composite Topographic/Bathymetric Surfaces

Topographic and bathymetric datasets for each site were combined to create a single composite surface
raster using ArcGIS Pro (all elevations in NAVD88 vertical datum). Information on the terrain data sets
used for each bridge site is shown in Table 4-1. Lidar data were filtered with ArcGIS Pro to exclude
vegetation coverage, which could skew elevation levels by dozens of feet where trees were present. Since
lidar technology is unable to penetrate water, bathymetric data from a variety of collection methods,
depending on the site, were added to the surface to make up the channel bottom bed area.
Geoprocessing tools were utilized within ArcGIS Pro to remove lidar data from the channel area and
replace it with bathymetric data. Once all elevation data were stitched into a single raster, it was
converted to a TIFF file and exported for use in the modeling software. Figure 4-8 shows an example
surface from the Gasconade River site (A-3760) which integrates lidar topographic data with bathymetric
data obtained via multi-beam near the bridge section and ADCP for sections upstream and downstream
of the bridge. Composite elevation surface plots for all bridge sites are provided in Appendix A. For the
bridge TIFFfiles, the raster cell sizes were 2.0 ft for the Creek (H-0024), Wolf Creek (L-0022), and Dry Fork
Creek (L-0564) sites; 6.6 ft for the Gasconade River (A-3760) site; and 30.0 ft for the Missouri River (L-
0550) site. These raster cell sizeswere selected based onthe relative size of the channel to ensure suitable
representations of channel terrains.

23



Impacts of Hydraulic Modeling Methods on Bridge Scour Analysis

MoDOTTR202017

WATER INSTITUTE

SAINT LOUIS UNIVERSITY

Table 4-1. Topographic and bathymetric data collection methods.

o s
Creek 2017 MSDISLIDAR DEM, Not applicable
(H-0024) GPS (SLU) ephemeral stream
Wolf Creek 2017 MSDISLIDAR DEM, Not applicable
(L-0022) 2021 Terrestrial lidar (SLU) ephemeral stream
Dry Fork Creek 2017 MSDISLIDAR DEM,
2021 ADCP (SLU)
(L-0564) LiDAR Project
Gasconade River 2021 ADCP (SLU),

(A-3760)

2017 MSDISLIDARDEM

2017 Multi-beam (USGS)

MissouriRiver

(L-0550)

2017 MSDISLIiDARDEM

2017 Multi-beam (USGS),
2019 Single-beam (USACE)

Figure 4-8. Composite topographic/bathymetric surface for the Gasconade River site (A-3760).
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4.5 Hydrologic Data

The flow rates used in the hydraulic modeling for three of the bridge sites were obtained utilizing
StreamStats. StreamStats is a Web-GIS-based application developed by the United States Geological
Survey (USGS) capable of estimating streamflow statistics using delineated watershed or basinareas. For
the Creek (H-0024), Dry Fork Creek (L-0564), and Gasconade River (A-3760) bridge sites, StreamStats was
used to determine the rural peak-flow statistics for the 100-year and 500-year design storm event
(Southard and Veilleux, 2014).

The StreamStats application is limited, in that it cannot delineate a basin that stretches overthe
boundary of two states. As the Missouri River site has a vast watershed that extends into neighboring
states, StreamStats was unable to provide peak flow statistics. Thus, the flow rates used in the hydraulic
modeling of the Missouri River site (L-0550) were obtained from the previously published WSPRO study
(Huizinga and Rydlund, 2003).

For the Wolf Creek (L-0022) site, upon a comparison of the peak flow statistics given by
StreamStats and the flow rates used in the WSPRO study, the StreamStats discharge estimates werefound
to be nearly seven times lower than the values used in the WSPRO study. Preliminary results from
hydraulic modeling were assessed and the WSPRO flow rates were determined to be more appropriate
flow magnitudes that inundated the floodplain. Therefore, the hydraulic modeling of the Wolf Creek (L-
0022) bridge site also utilized discharge flow rates from the previous WSPRO study (Rydlund and Huizinga,
2001).
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5 METHODS USED FOR HYDRAULIC ANALYSIS AND BRIDGE SCOUR ANALYSIS
5.1 One-Dimensional Hydraulic Modeling (HEC-RAS)

5.1.1 HEC-RAS GeometryInputs

HEC-RAS geometry inputs include a terrain surface (TIFF format), cross-section locations, roughness
values, ineffective flow areas, and bridge cross-section details. The TIFF surfaces derived from the
methods detailed in Section 4.4 were used as terrain inputs for each site. Cross sections aligned
perpendicular to the channel and floodplain paths were digitized on each terrain surface. Figure 5-1
shows an example of the delineated cross section for the Gasconade River A-3760 bridge site. Figures
showing cross-section locations for all sites are locatedin Appendix A.

Figure 5-1. Gasconade River (A-3760) — HEC-RAS plan view of cross sections and elevations.

Roughness values used for the HEC-RAS modeling are listed in Table 5-1. These values are
consistent withthe values usedin the previous WSPRO studies (Huizinga and Rydlund, 2002; Rydlund and
Huizinga, 2001; Rydlund and Huizinga, 2002a; Rydlund and Huizinga, 2002b; Huizinga and Rydlund, 2003).
For the HEC-RAS modeling, roughness values were constants not varied by flow depth. The overall
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roughness values had a wide range of values from 0.031 in the downstream channel of the Gasconade
River (A-3760) site to 0.130 for timber brush areas at the Dry Fork Creek (L-0564) site.

Table 5-1. Summary of Manning’s roughness coefficients for HEC-RAS 1-D modeling.

Surface Manning's Roughness Surface Manning's Roughness
Condition Coefficient Condition Coefficient
Creek (H-0024) Gasconade River (A-3760)
Channel 0.042 Cornfield 0.043
Cornfield 0.045 Timber and Brush 0.080
KeptPasture 0.040 Channel (Upstream) 0.035
Heavy Timber 0.060 Channel (Bridge Reach) 0.033
Light Timber 0.050 Channel (Downstream) 0.031
Wolf Creek(L-0022) Brush CoveredBluff 0.070
KeptPasture 0.048 Moderate Underbrush 0.060
Moderate Timber 0.078 Missouri River (L-0550)
Channel (Upstream) 0.045 Dense Timber 0.100
Channel (Bridge Reach) 0.050 Pasture 0.040
Channel (Downstream) 0.045 Moderate Brush 0.090
Thick Brush 0.070 Channel 0.030
Moderate Brush 0.055 Cornfield 0.050
Dry Fork Creek (L-0564) Crops and US Highway 0.070
Cornfield 0.055
Moderate Brush 0.085
Thick Brush 0.130
Channel (Upstream) 0.042
Channel (Bridge Reach) 0.042
Channel (Downstream) 0.045
Timber and Brush 0.110
Moderate Timber 0.065

Modeling bridges in HEC-RAS requires geometry inputs for the bridge deck, piers, and abutments.
The bridge deck is defined with station-elevation data for the high and low chords. Pier geometries are
defined by pier centerline station and pier widths at specified elevations. Abutment geometries are
defined by station-elevation data. Figure 5-2 shows an example bridge cross-section from the Gasconade
River (A-3760) site.

Ineffective flow areas are caused by having a contracted channel area at the bridge cross-section
which prevents flow conveyance at nearby upstreamand downstream cross-section flow areas. Foreach
site, ineffective flow areas were defined upstream and downstream of the bridge cross-section assuming
a 1:1 contractionand expansion rate in the immediate vicinity of the bridge. This approach was selected
based on guidance provided by the HEC-RAS hydraulic reference manual (Brunner, 2016). Figure 5-3
illustrates an example of ineffective flow areas for the Dry Fork Creek (L-0564) site.
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Figure 5-2. Example bridge cross sectionfrom the Gasconade River (A-3760) site.
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Figure 5-3. Example of ineffective flow areas from the Dry Fork Creek (L-0564) site: top is the cross
section at the bridge and bottom is the cross section just downstream from the bridge.
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5.1.2 HEC-RAS Steady-State Simulation Inputs

For steady-state simulations, HEC-RAS requires information on flow rates and downstream hydraulic
control conditions (i.e., water-surface elevation for subcritical flow). Table 5-2 provides this information
for each model and includes details on the number of cross sections, length of river section, and channel
bedslope. For all models, the downstream hydraulic control was set to the water-surface elevation for
the normal depth. To maintain consistency for model comparisons, the downstream normal depth
determined from the SRH-2D program was used for the HEC-RAS models. The SRH-2D program
determines normal depth using Manning’s equation with channel geometry, flow rate, channel bedslope,
and roughness information. The bedslopes used for normal depth input were computed using a trendline
on the thalweg elevation profile of each channel.

Table 5-2. Summary of HEC-RAS modeling inputs and settings.

Wolf Dry Fork Gasconade Missouri
Creek . .
H-0024 Creek Creek River River
i L-0022 L-0564 A-3760 L-0550
100-yr Flow Rate (cfs) 1,615 2,051 8,775 202,500 588,000
500-yr Flow Rate (cfs) 2,180 2,674 11,500 270,000 772,000
Number of Cross Sections 18 22 26 19 21
Length of River Section (ft) 2,406 2,900 4,278 7,336 44,229
Bedslope (ft/ft) 0.002623 0.00283 0.001228 0.000296 0.000212
Setting for Downstream Water-Surface Normal Normal Normal Normal Normal
Elevation Control Depth Depth Depth Depth Depth

The HEC-RAS simulations conducted for this study used Windows-based personal computers (PCs)
or laptops with standard desktop capabilities. Due to the simplicity of the 1-D calculations, the simulations
required only a few seconds to complete even for the large bridges crossing significant river basins
containing numerous cross-sections.

5.2 Two-Dimensional Hydraulic Modeling (SRH-2D)

5.2.1 SRH-2D Geometry Inputs

SRH-2D geometry inputs include a terrain surface (TIFF format), roughness value coverage, and an
unstructured mesh. The TIFF surfaces derived from the methods detailed in Section 4.4 were used as
terrain inputs for each site. Manning’s roughness coefficient coverages were digitized based on aerial
imagery. Figure 5-4 shows the Manning’s roughness coverage for the Gasconade River (A-3760) site and
Table 5-3 details the Manning’s roughness coefficients by surface condition used for each model.
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Manning's

Figure 5-4. Manning’s roughness coefficient coverage for the Gasconade River (A-3760) site.
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Table 5-3. Summary of Manning’s roughness coefficients for SRH-2D modeling.

Surface Manning's Roughness Coefficient
Condition (Flow Depth)
Creek (H-0024)
KeptPasture 0.040
Channel 0.042
Heavy Timber 0.060
Light Timber 0.050
Wolf Creek(L-0022)
Beanfield 0.068 (0 ft.)-0.055 (2 ft.)

Channel (Upstream)
Channel (Bridge Reach)
Channel (Downstream)
Moderate Brush
Moderate Timber
Brush with Timber

0.038 (0 ft.)-0.050 (3 ft.)
0.050

0.035 (0 ft.)- 0.045 (2 ft.)

0.062 (0 ft.)-0.048 (2 ft.)

0.085 (0 ft.)-0.078 (2 ft.)

0.068 (0 ft.)-0.052 (2 ft.)

Dry Fork Creek (L-0564)

Cornfield 0.055

Moderate Brush 0.085

Channel 0.042
Gasconade River (A-3760)

Cornfield 0.070 (4 ft.)-0.040 (8 ft.)

Timber and Brush
Channel (Upstream)
Channel (Bridge Reach)
Channel (Downstream)
Brush Covered Bluff
Moderate Underbrush

0.100 (4 ft.)- 0.080 (8 ft.)
0.035
0.033
0.031
0.070
0.060

Missouri River (L-0550)

Tree Covered Bluff
Channel (Upstream)
Channel (Bridge Reach)
Channel (Downstream)
Moderate Timber
Developed Land

Crops

Airportwith Timber
Raised Roadway
Bridge Section

0.012 (0 ft.)-0.090 (20ft.)
0.035 (0 ft.)-0.025 (30ft.)
0.036 (0 ft.)-0.027 (30ft.)
0.045 (0 ft.)-0.036 (30ft.)
0.120 (0 ft.)-0.090 (20ft.)
0.090 (0 ft.)-0.070 (20ft.)
0.043
0.075 (0 ft.)-0.043 (10ft.)
0.070 (0 ft.)-0.048 (10ft.)
0.150 (0 ft.)-0.090 (15ft.)
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Unstructured meshes were created using the Surface-water Modeling Software (SMS) by
Aguaveo. River and overbank areas were digitized into polygons with quadrilateral elements in the
channel and triangular elements in the overbank areas and areas immediately adjacent to the bridge
structure. Figure 5-5 provides an example of the entire mesh used for the Gasconade River (A-3760) site
and Figure 5-6 shows the meshin the vicinity of the bridge structure. Figures showingthe mesh locations
for all five sites are provided in Appendix B. Mesh element length in the main channel varied by site with
approximately 8-ft long elements for the smallest site (Creek H-0024) and 60-ft long elements for the
largest site (MissouriRiver L-0550). All piers were modeled as holes in the mesh with the exception of the
piers at Dry Fork Creek (L-0564) and the overbank piers in the Missouri River (L-05500) site. These piers
were significantly smaller than the size of the converged mesh and could not be reasonably included in
the simulation. Further, these relatively small piers would have a negligible effect on the hydraulic
conditions.

Figure 5-5. Gasconade River (A-3760) — SRH-2D mesh with bed elevations and boundary arcs.
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Figure 5-6. Gasconade River (A-3760) — SRH-2D mesh with piers at the bridge section.

5.2.2 SRH-2D Simulation Inputs

For each simulation, SRH-2D requires a time step, simulation duration, and information on boundary
conditions, specifically the upstreaminflow rate and the downstream water-surface elevation. Table 5-4
provides this simulation information for each site and includes details on the total number of mesh
elements, approximate length of mesh elements in the channel, and channel bedslope. For all models, a
normal depth downstream hydraulic control was used. SRH-2D computes normal depth (and associated
water-surface elevation) for the boundary arc based on elevation geometry, flow rate, channel bedslope,
and roughness information. The bedslopes used for normal depth input were computed using a trendline
on the thalweg elevation profile of each channel.
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Table 5-4. Summary of SRH-2D inputs and settings.

Wolf DryFork Gasconade Missouri
Creek . .
H-0024 Creek Creek River River
i L-0022 L-0564 A-3760 L-0550
100-yr Flow Rate (cfs) 1,615 3,860 8,775 202,500 588,000
500-yr Flow Rate (cfs) 2,180 5,300 11,500 270,000 772,000
Number of Elements 25,663 83,077 31,241 57,678 162,960
Approximate Element Length in the 3 14 20 30 60
Channel (ft)
Time Step (s) 1 1 1 0.05 0.5
Simulation Duration (hrs) 1 2 1.5 2 2
Bedslope (ft/s) 0.002623 0.00283 0.001228 0.00029%  0.000212
Setting for Downstream Water-Surface Normal Normal Normal Normal Normal
Elevation Control Depth Depth Depth Depth Depth

SRH-2D simulations are inherently unsteady flow simulations. To obtain steady-state flow
conditions, the models were set up with constant boundary conditions (upstream inflow rates and
downstream water-surface elevations) and a sufficient simulation duration to reach steady-state
conditions. Monitoring lines were digitized, as shown in Figure 5-7 for the A-3760 site, and used to
monitor flow conditions such as water-surface elevation and discharge during the simulations.  Figure
5-8 shows the monitoring line discharge data from 100-yr simulation for the A-3760 site which illustrates
how the discharges approach constant values as steady-state conditions are achieved.
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Monitor Lines

Feature Arc

Figure 5-7. Monitor lines used to determine steady-state conditions for the Gasconade River (A-3760)
SRH-2D simulations.
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Figure 5-8. Discharge versus time for the A-3760 monitoring lines used to determine steady-state
conditions.

A mesh convergence and time-step convergence analysis were conducted for each site to
determine the appropriate mesh size and time step. Initially, a coarse, medium, and fine mesh were
generated with approximately four, eight, and sixteen elements across the channel, respectively (see
medium meshin Figure 5-6). The suitable mesh size for each site was determined based on a comparison
between simulation results for flow velocity and flow depth. The appropriate mesh size was selected
when reducing the mesh further produced flow velocity and flow depth results with less than
approximately 5% difference at three different monitoring arclocations. The time-step convergence was
conducted in a similar approach which reduced the time step by a factor of two between simulations. The
appropriate time step was selected whenreducing the time-step further produced flow velocity and flow
depth results with less than approximately 5% difference at three different monitoring arc locations.

Model input data are used with the discretized (finite-different) governing equations to produce
a solution. The time required to run a simulation is dependent upon the number of elements and the
type of computer used for the simulation. The smallest model, the Creek (H-0024) site with approximately
26,000 elements, required approximately five minutes to complete a simulation for one flow condition.
Simulations of our largest model, the Missouri River (L-0550) site with approximately 163,000 elements,
required approximately two hours to complete.

The SRH-2D program has been publicly and freely available since 2008; however, it lacks a
graphical user interface (GUI). The proprietary Surface-water Modeling Software (SMS) program
developed by Aquaveo was used to pre-process data for the SRH-2D executable, monitor simulations in
progress, and post-process model results. The SMS GUI was used to generate the input mesh from
Geographical Information System (GIS) data and visualize the model output datain GISformats.

5.3 Scour Analysis

Three different mechanisms cancause bridge scour: long-term degradation, contractionscour, and local
scour around piers and abutments. These different types of scour are combined to determine an
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estimated cross section bed elevation after a storm event known as a scour prism. For this study, bridge
scour estimates were conducted using the FHWA’s Hydraulic Toolbox software program (FHWA, 2021)
which uses the guidelines and methods provided by the FWHA's Hydraulic Engineering Circular (HEC) No.
18 (Arneson et al., 2012). These methods were described in Section 2 of this report and the following
sections detail the input parameters for each of the analysis conditions. Hydraulic modeling results,
soil/sediment data, and bridge geometries are used as inputs into the calculation methods. None of the
bridge sites exhibited any indication of long-term aggradation or degradation; thus, those analysis
components were not included in this study.

5.3.1 HydraulicToolboxAnalysis

The FHWA'’s Hydraulic Toolbox software is a publicly and freely available program. Scour calculations
using the Hydraulic Toolbox software require an array of information such as approach flow depth and
velocity, flow rate through the bridge opening, bridge geometries, and bed material properties. Bridge
geometry information was obtained by digitizing the bridge drawings and bed material properties were
determined through the various analyses detailedin Section 4.2. Hydraulic data inputs were derived from
the 1-D and 2-D numerical models. Specific details of the different scour analyses and required input
parameters are described in Section 2.2. Table 5-5 provides a summary of the most relevant soil/sediment
information that was used for the scour analysis.

Table 5-5. Soil/sediment information used for scour analyses.

. . Dso (mm)
Bridge Site - -
Left Overbank Main Channel RightOverbank
0.008 0.014 0.010
Creek leanClayw/  Lean Clayw/
ean Clayw ean Clayw
H-0024 L
ean Clay Sand Sand
Wolf Creek 1.30 1.30 1.30
(E.oozrge Well Graded Well Graded Well Graded
Sand w/ Gravel Sand w/ Gravel Sand w/ Gravel
1.04 4.20 2.70
Dry Fork Creek
L-0564 Poorly Graded Poorly Graded Poorly Graded
Sand w/ Gravel Sand w/ Gravel Sand w/ Gravel
G deRi 17.0 11.25 0.260
ascz?;:o Ve T Well Graded Well Graded Silty Sand or
Gravelw/ Sand Gravel Clayey Sand
) . 0.010 0.620 n/a
MissouriRiver Poorlv Graded
L-0550 Lean Clay oorg/an;a € Bedrock

5.3.2 TotalScourPrism

Initially, contraction scour estimates in the left overbank (LOB), channel, and right overbank (ROB)
sections are subtracted from the original cross-section bed elevations to determine a contraction scour
bed elevation. Asthe abutment scour depths are based on an amplification factor applied to a simplified
contraction scour estimate, the abutment scour depths are also subtracted from the original bed elevation
(i.e., not subtracted from the contraction scour elevation). Computed pier scour depths are subtracted
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from the contraction scour bed elevation at the respective pier stations. An angle of repose value of 40°

was usedtodetermine the lateral extent of pier and abutment scour holes. Figure 5-9 shows a total scour
prism example for the Hydraulic Toolbox User’s Manual (FHWA, 2021).

[®7 Bridge Scour Plot (Q50)

Bridge Scour Plot (Q50)
I Bridge Deck N |eft Abutment [ ® | Left Abutment Scour M Right Abutment
Right Abutment Scour Piers [ © | Pier Scour [ O | Bridge Cross-Section
| 2 | Long-term Degradation Main Channel Contraction Scour [ Total Scour
- | |
| |
I

Elevation (1)

1100

800

Station (ff)

Figure 5-9. Total scour prism example (from FHWA, 2021).
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6 ANALYSISRESULTS
6.1 Soil/Sediment Analysis

Soil/sediment analysis was carried out on select samples for each bridge site. The methods used were the
ones described in Section 4.2 of this report. The detailed soil laboratory results are all presented in
Appendix C of this report. The following sections describe the geologic and soil conditions encountered
at each bridge site as it relates to scour. Example soil sampling locations and laboratory results are only
shown for the Gasconade A-3760 site in Figure 6-1 through Figure 6-3.

6.1.1 Creek (H-0024)

The Creek H-0024 bridge site is located in the Eastern Glaciated Plains near the City of Vandalia. The
bridge is a small span bridge located east of Vandalia on Route P. The surficial geology consists of the
typical glacial drift, which is predominantly clay deposits, occasionally covered by Loess. Bedrock is
approximately 50 feet deep, and it is likely shale rock. The results of the soil analyses show that the soils
are primarily fine-grained and contain more coarse-grained soils as part of the bedload material within
the river channel. This bedload material was found in the areas where flow may become strong enough
to move the sediment, but in most cases the bottom of the creek was cohesive. A total of seven (7)
samples were collected, five (5) near the bridge piers and two (2) further upstream from the bridge. The
generallocations of the soil sampling are shown in Appendix C.

6.1.2 Wolf Creek (L-0022)

The Wolf CreekL-0022 bridge site is located in the SE Lowlands near the town of Bell City on Route MO
25 South. The geologic conditions are typical of those found in the Mississippi Embayment Alluvium (A).
However, in nearby areas, it is intermixed with Residuum deposits, which are more prevalent in the
northwest. The results of the soil analyses show that the soils are primarily fine-grained and contain more
coarse-grained soils as part of the bedload material withinthe river channel. The generallocations of the
soil sampling are shown in Appendix C.

6.1.3 DryForkCreek (L-0564)

The L-0564 Bridge Site is located on the Missouri Ozarks border with a depth to bedrock of less than 25
feet. HighwayKruns from Big Spring to Americus and follows the Dry Fork Valley, which floods seasonally.
The surficial geology consists of Residuum deposits that are surrounded by higher elevation deposits of
Loess. Within the floodplain, most of the surficial geology is residuum and within the channel, there are
considerable bedload materials consisting of sands and gravels. Soil/sediment samples were obtained
within the channel and the floodplain immediately under the bridge and upstream for the bedload
materials. The generallocations of the soil sampling are shown in Appendix C.

6.1.4 Gasconade River(A-3760)

The A-3760 bridge site is located in the Upper Ozarks within the alluvium of the Gasconade River. The
bridge is on Route 63 about 5 miles south of Vienna, MO. The surficial geology consists of shallow bedrock
within the river channel and alluvium in the floodplain, all surrounded by Residuum deposits. The bridge
is supported on shallow bedrock in the northern abutment to alluvium on the southern abutment. Soil
samples were collected for this bridge location at both the overbank floodplains and in the channel
locations. The unique conditions of shallow bedrock within the river channel caused difficulty retrieving
samples from a watercraft using the FISP sampler, so samples were obtained from exposed gravel bars
during low water conditions. A total of twenty-one (21) samples were collected and transported to the
laboratories for soil analysis. Sixteen (16) samples were inthe overbank/floodplain areas andfive (5) were
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within the channel. The sampling locations are shown graphically in Figure 6-1. Figure 6-2 and Figure 6-3
show the grainsize distributions and Atterberg limits, respectively, for the for the A-3760 site samples.

Overbank
Samples (16)
In Channel
Samples (5)

Figure 6-1. Soil sampling locations for the Gasconade River (A-3760) site.
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U.S. Standard sieve size No. —+=C =D A E B ‘
3" 3/4" 4 10 40 200
100 —; TL \
80 \
60
5]
<
L 50
c
3
5]
& 40
30
20
10
0 1 1 E— 1
100 10 Grain Size, D (mm) 0.1 0.01 0.001
GRAVEL SAND
COBBLES - - - SILT CLAY
Coarse Fine Coarse Medium Fine
Specimen ID D60 D50 D30 D10 Cc Cu LL ]
e C 17.00 12.00 4.40 0.40 2.85 42.50
— D 10.00 8.00 3.00 0.35 2.57 28.57
A 17.00 12.00 3.00 0.40 1.32 42.50
E 17.00 13.00 7.00 1.00 2.88 17.00
B 0.32 0.31 0.27 0.17 1.34 1.88
Specimen ID % Gravel % Sand % Silt % Clay Classification
e C 73.0 26.6 0.5 GW Well Graded Grawel
— D 67.6 31.7 0.7 GW Well Graded Gravel
A 68.5 30.9 0.6 GW Well Graded Gravel
E 79.9 19.8 0.3 GW Well Graded Grawel
B 6.6 90.7 2.7 SP Poorly Graded Sand
GRAIN SIZE DISTRIBUTION RESULTS
SAINT LOUIS Site: A3760
UNIVERSITY. Project: MODOT Bridge Scour
Location: Gasconade River

Figure 6-2. Gasconade River (A-3760) — Soil/sediment grainsize distribution.
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Plasticity Index, Pl
w
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©
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" @@
0
0 10 20 30 40 50 60 70 80 90 100
Liquid Limit LL
Legend|Borehole| Sample | Depth LL PL Pl % Fines Description
SO 1 6"-12" 40 16 24 CL
S2 5 0"-6" 34 17 17 CL
S3 6 6"-12" NP NP NA
Borehole| Sample | Depth w.C. Dry Retained| % Fines Description
#200 S5 8 6"-12" 19% 123.91 57.09 54%
Wash S6 9 6"-12" 26% 153.01 103.33 32%
S10 13 6"-12" 24% 113.07 40.22 64%
S13 16 6"-12" 20% 123.36 58.65 52%
ATTERBERG LIMIT and #200 WASH RESULTS
SAINT LOUIS Site: A3760
UNIVERSITY. Project: MODOT Bridge Scour
Location:  Gasconade River

Figure 6-3. Gasconade River (A-3760) — Soil/sediment Atterberg limits.
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6.1.5 MissouriRiver (L-0550)

The Missouri River Bridge site (L-0550) is located on the Missouri Ozarks border with a depth to bedrock
varying from 25 to 75 feet within the river channel. The MissouriRiver alluvium is about 1.5to 1.75 miles
wide in the Jefferson City area. At the bridge location, the floodplain is predominantly to the north. The
soil conditions are typical of an alluvium deposit, consisting of a mixture of sands and interbedded fine-
grained soils. Within the channel, the sediment was primarily bedload material consisting of sands and
gravels and in the floodplain, the soil contained more medium fine sands with clays andsilts. Soil samples
were collected for this bridge location at both the overbank floodplains and within the channel locations.
A total of twenty-one (21) samples were collected and transported to the laboratories for soil analysis.
Sixteen (16) samples were in the overbank/floodplain areas and five (5) were within the channel. The
sample collection methods were described in Section 4.2 and all sampling locations are shown in Appendix
C.

6.1.6 Summary ofSoil/Sediment Descriptionsat Bridge Sites

Table 6-1 summarizes the soil/sediment conditions described in the above sections. Note that the soil
conditions varyacross the bridge sites and are the basis for the scour analyses input parameters described
in Section 6.5.

Table 6-1. Soil/sediment conditions at bridge sites.

Left Overbank Main Channel Right Overbank
Bridge Geologic Soil Soil Soil
Site Settin ol ol ol
g symbol Dso Pl symbol Dso Pl symbol Dso Pl
Eastern
Creek . CLw/ CLw/
H-0024 GIaC|'ated <and 18 CL 17 sand 23
Plains
Wolf
Creek SEAL”‘;‘:/Vi'S”mdS ML, CL - 12 - 13 - MLCL - 10
L-0022
Dry Fork
Creek Rifj;tsm sp 2.5 - GP 8 X - 12
L-0564
Gasconade
River U‘F’{Z‘;ﬁﬂks Rock - - GW 12 —  SMCL - 20
A-3760
Missouri Missouri River
River 1SSOUrTRIV ML,CL 20 - sp 0.5 - Rock - -

L-0550 Alluvium
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6.2 1-D Hydraulic Modeling Results

Velocity distribution plots were developed from the HEC-RAS results for all modeled scenarios (i.e., the
100-yr and 500-yr flow events for each site) and are located in Appendix D. Although HEC-RASis a 1-D
model with solutions only computed at the cross sections, the RAS Mapper feature in HEC-RAS can
interpolate values between cross sections to generate an estimate of the flow velocities across the entire
inundated area. Figure 6-4 provides an example velocity distribution plot from the 100-yr flow event at
the Gasconade River (A-3760) site and Figure 6-5 shows a close-up of the velocity distribution near the
vicinity of the bridge. The highest flow velocities (approximately 13 ft/s) were observed in the contracted
channel sectionat the bridge with negligible velocities overtopping the roadway embankment on the right
overbank area.

Flow Velocity (ft/s)

13.3
9.8
7.9

6.0
4.1
2.2
(]

0.5 Miles

Figure 6-4. Gasconade River (A-3760) — HEC-RAS 100-yr flow velocity distribution.

44



Impacts of Hydraulic Modeling Methods on Bridge Scour Analysis WATER I N STITUTE
\ 4

MoDOTTR202017 SAINT LOUIS UNIVERSITY

Flow Velocity (ft/s)

13.3
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7.9

6.0 ~h
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0
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— )

Figure 6-5. Gasconade River (A-3760) — HEC-RAS 100-yr flow velocity distribution - Inset.

Several hydraulic parameters are required as input for scour calculations. The key hydraulic
parameters for computing contraction scour, pier scour, and abutment scour, are provided in Table 6-2,
Table 6-3, and Table 6-4, respectively. Table 6-2 (contraction scour) includes upstream flow depth and
velocity and flow through the bridge opening; Table 6-3 (pier scour) includes approach flow depth and
velocity; and Table 6-4, (abutment scour) includes approach flow depth, flow depth at the abutment prior
to scour, upstream unit discharge (g4), and the unit discharge in the constricted opening (q,).
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Table 6-2. HEC-RAS(1-D) hydraulic conditions for contraction scour.

Average Velocity Flow Through Bridge
Upstream Flow Depth Upstream Opening
Bridge Storm (ft) (ft/s) (cfs)
Site Event . . .
Main Main Main
LOB Channel ROB LoB Channel ROB LoB Channel ROB
Creek 100-yr 5.46 7.5 408 233 4.01 2.52 695 606 314
H-0024 500-yr 6.21 8.16 484 244 3.44 2.54 509 472 238

WolfCreek 100-yr  0.55 756 145 096 401 189  0.63 1,992 58

L-0022  500-yr  0.97 826 215 154 484  3.17 3.8 2,533 137

Dry Fork 100-yr 6.11 10.98 6.59 2.12 3.77 0.46 3,084 5,148 156

Creek
500-yr 6.88 11.75 7.35 2.28 3.85 0.63 3,658 5,592 204
L-0564
Gasconade  100-yr ~ 18.44 36.68 22.36 268 9.09 375 6930 129,687 47,711
River
A-3760 500-yr 21.41 4131 27.26 2.84 9.47 4.19 11,106 131,602 45,689
Missouri 100-yr 16.22 44.48 4.87 3.62 9.36 1.27 98,926 485,856 242
River
L-0550 500-yr 20.83 49.09 7.38 5.51 9.05 1.50 187,829 532,672 663
Table 6-3. HEC-RAS(1-D) hydraulic conditions for pier scour.
. . Approach Flow Depth Approach Flow Velocity
Bridge Site Storm Event
g (Ft) (ft/s)
Creek 100-yr 8.42 4.53
H-0024 500-yr 9.17 3.95
Wolf Creek 100-yr 14.89 7.77
L-0022 500-yr 15.59 9.06
Dry Fork Creek 100-yr 12.98 454
L-0564 500-yr 13.75 461
Gasconade River 100-yr 39.27 12.78
A-3760 500-yr 44,17 12.71
Missouri River 100-yr 54,97 11.17
L-0550 500-yr 59.58 10.77
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Table 6-4. HEC-RAS(1-D) hydraulic conditions for abutment scour.

WATER INSTITUTE

Approach Depth at
Bridge Site Storm Event Depth Abut. Toe a a2 a2/ 9
(ft) (ft) (ft2/s)  (f%/s) ()
Left Abutment
100-yr 5.46 6.3 304 38.0 1.25
HC_B%GZ'; 500-yr 6.21 7.05 29.3 287 098
Right Abutment
100-yr 4.08 3.62 304 38 1.25
500-yr 4.84 4.37 29.3 28.7 0.98
Left Abutment
100-yr 10.47 9.95 61.5 24.4 0.40
Wolf Creek 500-yr 11.13 10.47 835 318 038
L-0022
Right Abutment
100-yr 6.67 6.18 61.5 24.4 0.40
500-yr 7.33 6.71 83.5 318 0.38
Left Abutment
100-yr 4.1 4.64 13.0 333 2.57
Dry Fork Creek 500-yr 4.87 5.41 15.7 376 240
L-0564 Right Abutment
100-yr 6.59 7.53 435 333 0.77
500-yr 7.35 8.3 47.3 37.6 0.79
Left Abutment
Gasconade 100-yr 36.18 0.36 361 110 0.30
River 500-yr 40.69 2.1 448 171 038
A-3760 Right Abutment
100-yr 22.36 22.19 118 178 1.51
500-yr 27.26 27.09 130 175 1.35
Left Abutment
100-yr 16.22 12.96 65 199 3.1
MissouriRiver 500-yr 20.01 17.5 151 245 1.6
L-0550 Right Abutment
100-yr n/a n/a n/a n/a n/a
500-yr n/a n/a n/a n/a n/a
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6.3 2-D Hydraulic Modeling Results

Velocity distribution plots were also developed from the SRH-2D results for all modeled scenarios (i.e.,
the 100-yr and 500-yr flow events for each site) and are located in Appendix E. Figure 6-6 provides an
example velocity distribution plot from the 100-yr flow event at the Gasconade River (A-3760) site and
Figure 6-7 shows a close-up of the velocity distribution near the vicinity of the bridge. The highest flow
velocities (approximately 7 ft/s) were observed in the contracted channel section and near the right
abutment. There are also notably high velocities (approximately 6 ft/s) over the road embankment on
the right overbank area indicating a significant portion of the flow is being conveyed across the
embankment. In addition to velocity magnitudes, SRH-2D computes the flow direction which determines
the angle of attackrequired for pier scour calculations. Figure 6-8 shows the velocity vector plot for the
100-yr flow event at the Dry Fork Creek (L-0564) site. This plot provides a good illustration of the 2-D flow
fields near the bridge.

Flow Velocity (ft/s)

13.3
. 9.8
M
6.0
4.1
2.2
0

(1] 0.15 0.3 0.6 Miles
e )

Figure 6-6. Gasconade River (A-3760) — SRH-2D 100-yr flow velocity distribution.
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Figure 6-8. Flow velocity vector plot for the 100-yr event at the Dry Fork Creek (L-0564) site.
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The key hydraulic parameters for computing contraction scour, pier scour, and abutment scour, are
provided in Table 6-5, Table 6-6, and Table 6-7, respectively. Table 6-5 (contraction scour) includes
upstream flow depth and velocity and flow through the bridge opening; Table 6-6 (pier scour) includes
approach flow depth and velocity; and Table 6-7 (abutment scour) includes approach flow depth, flow depth
at the abutment prior to scour, upstream unit discharge (q,), and the unit discharge in the constricted

opening (q).

Table 6-5. SRH-2D hydraulic conditions for contractionscour.

Average Velocity Flow Through Bridge
Upstream Flow Depth Upstream Opening
BridgeSite 20" (Ft) (ft/s) (cfs)
Event Main Main Main
LOB Channel ROB LoB Channel ROB LoB Channel ROB
Creek 100-yr 2.08 7.14 2.76 1.20 2.40 1.45 454 843 203
H-0024 500-yr 219 7.62 296 135 266 1.79 582 904 540
Wolf Creek 100-yr 1.45 10.83 2.64 1.28 2.45 0.79 206 1,760 163
L-0022 500-yr 210 11.89 3.73 115 204 0.84 343 2,259 248
Dry Fork 100-yr 4.55 10.63 2.79 2.08 4.13 1.37 1,985 2,682 727
Creek
L-0564 500-yr 5.25 11.34 3.53 1.98 3.88 1.58 2,290 2,797 860
Gasconade  100-yr  25.84 404 2791 246 407 442 8984 63,655 76,660
River
A-3760 500-yr 2886 4497 3239 249 4.52 4.60 10,995 71,621 91,380
Missouri 100-yr 1585 47.29 20.88 2.15 6.13 1.46 56,315 338,930 1,483
River
L-0550 500-yr 2001 5153 1149 239 699 169 81,174 448863 2,441
Table 6-6. SRH-2D hydraulic conditions for pier scour.
Approach Flow Approach Flow
Bridge Site Storm Event Depth Velocity
(ft) (ft/s)
Creek 100-yr 7.16 4.42
H-0024 500-yr 7.66 4.42
Wolf Creek 100-yr 14.89 6.58
L-0022 500-yr 15.59 6.57
DryForkCreek 100-yr 13.16 4.54
L-0564 500-yr 13.89 434
Gasconade River 100-yr 41.84 6.58
A-3760 500-yr 46.42 6.57
Missouri River 100-yr 56.88 8.22
L-0550 500-yr 61.16 7.92
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Table 6-7. SRH-2D hydraulic conditions for abutment scour.

Approach Depth at

Bridge Site Storm Event Depth Abut. Toe o a2 a2/ 91
(ft) (ft) (ft2/s)  (ft?/s) ()
Left Abutment
100-yr 7.14 1.04 17.1 444 2.60
HC-E)eoezkz; 500-yr 7.62 1.58 20.3 47.6 2.35
Right Abutment
100-yr 7.14 3.02 17.1 444 2.60
500-yr 7.62 3.57 20.3 47.6 2.35
Left Abutment
100-yr 10.83 10.48 26.5 111 4.20
Wolf Creek 500-yr 11.89 10.59 243 171 7.03
L-0022 Right Abutment
100-yr 10.83 6.38 26.5 111 4.20
500-yr 11.89 7.05 243 171 7.03
Left Abutment
100-yr 10.63 3.57 43.9 55.6 1.27
Dry Fork Creek 500-yr 11.34 3.51 440 59.2 1.35
L-0564 Right Abutment
100-yr 10.63 247 43.9 55.6 1.27
500-yr 11.34 3.19 44.0 59.2 1.35
Left Abutment
Gasconade 100-yr 41.69 2.35 156 268 1.72
River 500-yr 44 .84 6.97 206 330 1.60
A-3760 Right Abutment
100-yr 27.91 20.66 123 126 1.02
500-yr 32.39 25.24 149 151 1.01
Left Abutment
100-yr 15.85 13.24 341 29.5 0.87
Missouri River 500-yr 20.01 17.44 47.7 426 0.89
L-0550 Right Abutment
100-yr (*) n/a n/a n/a n/a n/a
500-yr (*) n/a n/a n/a n/a n/a

* notapplicable:flood waters do notreachthe rightabutment

6.4 Comparison of Hydraulic Modeling Results

The 1-D and 2-D models were constructed, simulated, and compared based on their outputs toeach other
and the WSPRO study results. When comparing the models, HEC-RAS was referred to as the 1-D model.
The hydraulic modeling results such as flow depths, velocities, unit discharges, and others were then used
to compute theoretical scour depths. Three different types of scour were computed based on these
results: contraction, pier, and abutment scour. Each scour type requires a specific array of inputs, often
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unique from each other. Significant components of the scour equations were chosen to be represented
in the results tables based on scour type. Separate tables were generated for the hydraulic conditions
relevant to the scour computations at each bridge site.

For contraction scour, the key tabulated hydraulic parameters for each site are upstream flow
depth, average velocity upstream, and flow through the bridge opening. Since contraction scour is
computed for three areasin the contracted section— LOB, main channel, and ROB, the hydraulic results
were determined specific to these areas, thus three results were given for each hydraulic variable. For
pier scour, the key tabulated hydraulic parameters are the thalweg approach depth and velocity. The
thalweg is the deepest part of the channel, which often also has the highest flow velocity. The flow depth
and velocity at the thalweg just upstream of the bridge are used to compute pier scour and are reported
in this section for all bridge sites. For abutment scour, the key tabulated hydraulic parameters are
approach depth, depth at abutment toe, g, (unit discharge upstream in the main channel) and q, (unit
dischargein the constricted area), and the ratio q,/q;,

With three types of scour and five bridge sites, 15 total tables convey the hydraulic modeling
results fromthe study. The results listed are a small portion of the overall components contributing tothe
scour computations. Multiple variables listed were not entirely available from the WSPRO study report,
with the missing information denoted by “n/a” in the empty cells. The hydraulic results for each bridge
siteare shown in the following order: H-0024, L-0022, L-0564, A-3760, and L-0550.

6.4.1 Creek (H-0024)

For the Creek (H-0024) site, the key hydraulic parameters for contraction scour are shown in Table 6-8.
Flow depths upstream were similar betweenthe two models, with an average of 6% difference between
the 1-D and 2-D models. HEC-RAS predicted faster flow velocities upstream of the contraction for each
scenario by 38-60%. SRH-2D determined a larger portion of the flow would pass through the bridge
opening than in the 1-D HEC-RAS model. High flow velocities through the bridge opening shown in
Appendix E for the 2-D model contrast with the lower flow rates in Appendix D for the 1-D model.

Table 6-8. Creek (H-0024) — Summary of computed hydraulic conditions for contraction scour.

Average Velocity Flow Through Bridge
Upstream Flow Depth Upstream Opening
Model Storm (ft) (ft/s) (cfs)
Type Event Main Main Main
LOB Channel ROB LoB Channel ROB LOB Channel ROB
WSPRO 100-yr n/a 5.80 n/a n/a 3.55 n/a n/a 330 n/a
500-yr n/a 6.80 n/a n/a 2.88 n/a n/a 314 n/a
HEC-RAS 100-yr 5.46 7.50 4.08 2.33 401 2.52 695 606 314
500-yr 6.21 8.16 4.84 2.44 3.44 2.54 509 472 237
100-yr 2.08 7.14 2.76 1.20 2.40 1.45 454 843 203
SRH-2D

500-yr 2.19 7.62 296 135 2.66 1.79 582 904 540

Table 6-9 provides the key hydraulic parameters related to pier scour for bridge site H-0024. The
thalweg approach depth applied toward the local scour at the single pier was greater using the 1-D model.
The approach velocities varied only by 4% on average, a difference that would negligibly affect the scour
results.
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Table 6-9. Creek (H-0024) — Summary of computed hydraulic conditions for pier scour.

Model Type Storm Event Approach Depth  Approach Velocity

(ft) (ft/s)
100-yr 6.46 6.77

WSPRO
500-yr 7.43 8.34
100-yr 8.42 4.53

HEC-RAS
500-yr 9.17 3.95
100-yr 7.16 442

SRH-2D
500-yr 7.66 4.42

Table 6-10 shows the key hydraulic parameters for abutment scour at bridge site H-0024. Both
abutments for H-0024 are vertical abutments with wing walls. The approach depth for each abutment
was greater by 23-50% for SRH-2D. Depths at the abutment toes, in contrast, were greater for the 1-D
model. The ratio of q,/q; was greater for the 2-D model hydraulics, which relates to a greaterincreasein
unit discharge through the contraction.

Table 6-10. Creek (H-0024) — Summary of computed hydraulic conditions for abutment scour.

Approach Depthat
Model Type Storm Event Depth Abut. Toe di (¢} q:/q:
(ft) (ft) (ft2/s)  (ft%/s) ()
Left Abutment
100-yr n/a 3.71 n
WSPRO y / /a n/a__ n/a
500-yr n/a 4.68 n/a n/a n/a
100-yr 5.46 6.30 304 38.0 1.25
HEC-RAS
500-yr 6.21 7.05 29.3 28.7 0.98
100-yr 7.14 1.04 171 44 .4 2.60
SRH-2D
500-yr 7.62 1.58 20.3 47.6 2.35
Right Abutment
100-yr n/a 4.07 n/a n/a n/a
WSPRO y / / / /
500-yr n/a 5.04 n/a n/a n/a
100-yr 4.08 3.62 304 38.0 1.25
HEC-RAS
500-yr 4.84 437 29.3 28.7 0.98
100-yr 7.14 3.02 171 44 .4 2.60
SRH-2D
500-yr 7.62 3.57 20.3 47.6 2.35

6.4.2 Wolf Creek (L-0022)

For the Wolf Creek (L-0022) site, the key hydraulic parameters for contraction scour are shown in Table
6-11. The 1-D model determined flow depths upstream of the contractionto be less thanthose of the 2-
D model by 36% in the main channel. The 1-D model determined average flow velocities upstreamto be
65% greater inthe main channelthan the 2-D model. The flow rates throughthe contractedsection were
similar considering total flow through the opening, which is predicted when no bridge overtopping is
present.
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Table 6-11. Wolf Creek (L-0022) — Summary of computed hydraulic conditions for contraction scour.

Average Velocity Flow Through Bridge
Upstream Flow Depth Upstream Opening
Model Storm (ft) (ft/s) (cfs)
Type Event . . .
Main Main Main
LoB Channel ROB LoB Channel ROB LOB Channel ROB
WSPRO 100-yr n/a 7.0 n/a n/a 3.61 n/a n/a 1,354 n/a
500-yr n/a 8.8 n/a n/a 1.88 n/a n/a 1,007 n/a
HEC-RAS 100-yr 0.55 7.56 1.45 0.96 4.01 1.89 0.63 1,992 58
500-yr 0.97 8.26 2.15 1.54 4.84 3.17 4 2,533 137
100-yr 1.45 10.83 2.64 1.28 2.45 0.79 206 1,760 163
SRH-2D

500-yr 2.10 11.89 3.73 1.15 2.04 0.84 343 2,259 248

Table 6-12 provides the key hydraulic parameters related to pier scour for bridge site L-0022.
Approach depth for local scour was slightly more — 6.6%, for the 2-D model than the 1-D model. The
approach velocity for the piers was greater by an average of 33% for the 1-D model.

Table 6-12. Wolf Creek (L-0022) — Summary of computed hydraulic conditions for pier scour.

ModelType  Storm Event Approach Depth  Approach Velocity

(ft) (ft/s)
100-yr 10.36 10.71
WSPRO
500-yr 10.77 13.21
100-yr 14.89 7.77
HEC-RAS
500-yr 15.59 9.06
100-yr
SRH-2D Y 17.28 4.80
500-yr 15.28 7.31

Table 6-13 shows the key hydraulic parameters for abutment scour at bridge site L-0022. Both
abutments for L-0022 are spill-through abutments. Both the approach depths and depths at the abutment
toes were greater using the 2-D model. The ratio of g,/q; was significantly greater for the 2-D model, with
g being greater for the 1-D model and q, greater for the 2-D model. This relatesto a higher contraction
of flow through the bridge opening for the 2-D model.
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Table 6-13. Wolf Creek(L-0022) — Summary of computed hydraulic conditions for abutment scour.

Approach Depthat
Model Type Storm Event Depth Abut. Toe a1 9z q2/9:
(ft) (ft) (ft2/s)  (ft%/s) ()
Left Abutment
100-yr n/a 3.07 n/a n
WSPRO y / / /a__ 0/
500-yr n/a 3.48 n/a n/a n/a
100-yr 10.47 9.95 615 24.4 0.40
HEC-RAS
500-yr 11.13 10.47 83.5 31.8 0.38
100-yr 10.83 10.48 26.5 111 4.20
SRH-2D
500-yr 11.89 10.59 24.3 171 7.03
Right Abutment
100-yr n/a 0.16 n/a n/a n/a
WSPRO y / / / /
500-yr n/a 0.57 n/a n/a n/a
100-yr 6.67 6.18 615 24.4 0.4
HEC-RAS
500-yr 7.33 6.71 83.5 31.8 04
100-yr 10.83 6.38 26.5 111.0 4.2
SRH-2D
500-yr 11.89 7.05 24.3 171.0 7.0

6.4.3 DryForkCreek (L-0564)

For the Dry Fork Creek (L-0564) site, the key hydraulic parameters for contraction scour are shown in
Table 6-14. The flow depth upstream in the main channel only varied by 3% between the 1-D and 2-D
models. The flow velocity upstream of the contraction was similar, though the right overbank area had a
notably higher velocity for the 2-D model. The 1-D model had much greater conveyance through the
bridge opening than the 2-D model. Appendix D shows the 1-D modeling velocity distribution for the 500-
yr flow, and Appendix E for the 2-D model. The 1-D model has greater velocities through the opening
while the 2-D model has greater velocities over the overtopped roadway.

Table 6-14. Dry Fork Creek (L-0564) — Summary of computed hydraulic conditions for contraction scour.

Average Velocity

Upstream Flow Depth Upstream Flow Through Bridge Opening
Model Storm (ft) (ft/s) (cfs)
Type Event . . .
Main Main Main
LoB Channel ROB LOB Channel ROB LOB Channel ROB
WSPRO 100-yr 6.60 9.3 4.4 n/a 5.13 n/a 5,258 3,404 790
500-yr 7.60 10.3 4.8 n/a 5.61 n/a 5,776 3,533 912
HEC-RAS 100-yr 6.11 10.98 6.59 2.12 3.77 0.46 3,084 5,148 156
500-yr 6.88 11.75 7.35 2.28 3.85 0.63 3,658 5,591 204
100-yr 4.55 10.63 2.79 2.08 413 1.37 1,985 2,682 727
SRH-2D

500-yr 5.25 11.34 3.53 1.98 3.88 1.58 2,290 2,797 860

Table 6-15 provides the key hydraulic parameters related to pier scour for bridge site L-0564.
Approach depths for pier scour are nearly identical at this site. Approach velocities for pier scour are also
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nearly identical. Differences between the 1-D and 2-D models were expected to have negligible effects
on scour computations.

Table 6-15. Dry Fork Creek (L-0564) — Summary of computed hydraulic conditions for pier scour.

Approach Depth Approach Velocity
Model Type Storm Event

P (ft) (ft/s)
100-yr 9.88 9.07

WSPRO
500-yr 10.80 8.56
100-yr 12.98 4.54

HEC-RAS
500-yr 13.75 461
100-yr 13.16 4.54

SRH-2D
500-yr 13.89 4.34

Table 6-16 shows the key hydraulic parameters for abutment scour at bridge site L-0564. Both
abutments for L-0564 are spill-through abutments. The approach depth for abutment scour is greater
using the 2-D model results. The depth at the abutment toe is greater using the 1-D model results. The
variances in the q,/q; ratio between the right and left abutments for the 1-D results were expected to
have a significant impact on scour estimations.

Table 6-16. Dry Fork Creek (L-0564) — Summary of computed hydraulic conditions for abutment scour.

Approach Depthat

Model Type Storm Event Depth Abut. Toe q: a: q:/q:
(ft) (ft) (fe2/s)  (ft2/s) ()
Left Abutment
100-yr n/a 2.71 n/a n/a n/a
WSPRO y / / / /
500-yr n/a 3.63 n/a n/a n/a
100-yr 4.1 4.64 13.0 33.3 2.57
HEC-RAS
500-yr 4.87 5.41 15.7 37.6 2.40
100-yr 10.63 3.57 439 55.6 1.27
SRH-2D
500-yr 11.34 3.51 44.0 59.2 1.35
Right Abutment
100-yr n/a n/a n/a n/a n/a
WSPRO y / / / / /
500-yr n/a 0.89 n/a n/a n/a
100-yr 6.59 7.53 435 33.3 0.77
HEC-RAS
500-yr 7.35 8.3 47.3 37.6 0.79
100-yr 10.63 2.47 439 55.6 1.27
SRH-2D
500-yr 11.34 3.19 44.0 59.2 1.35

6.4.4 GasconadeRiver(A-3760)

For the Gasconade River (A-3760) site, the key hydraulic parameters for contraction scour are shown in
Table 6-17. Upstream flow depths were greater across the approach section for the 2-D model. The
average velocity upstream was significantly greater in the main channel for the 1-D model. The flow
throughthe bridge opening was also much greater inthe main channel for the 1-D model, shownin Figure
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6-4. The lack of flow in comparison to the 2-D model was rather conveyed over the road deck outside of
the contractedsection, as seenin Figure 6-6.

Table 6-17. Gasconade River (A-3760) — Summary of computed hydraulic conditions for contraction scour.

Average Velocity

Upstream Flow Depth Upstream Flow Through Bridge Opening
Model  Storm (ft) (ft/s) (cfs)
Type Event . . .
Main Main Main
LoB Channel ROB LoB Channel ROB LOB Channel ROB
100-yr n/a 36.3 n/a n/a 8.94 n/a n/a 115,187 n/a
WSPRO
500-yr n/a 413 n/a n/a 9.85 n/a n/a 144,516 n/a

HEC- 100-yr 18.44 36.68 2236 2.68 9.09 3.75 6,930 129,687 47,711
RAS 500-yr 2141 4131 27.26 2.84 9.47 4.19 11,106 131,602 45,688

100-yr 25.84 4040 2791 2.46 4.07 4.42 8,985 63,655 76,660
500-yr 2886 4497 3239 249 4.52 4.60 10,995 71,621 91,380

SRH-2D

Table 6-18 provides the key hydraulic parameters related to pier scour for bridge site A-3760.
Approach flow depths for pier scour were slightly greater with the 2-D model. Approach flow velocities
for pier scour were much greater for the 1-D model. The difference in approach velocity between the 1-
D and 2-D models can be attributed to the momentum properties of flowing water, which are ignored by
the 1-D model. The curvein the channel prior to the contractiondirected the flow well to the right of the
contractionand over the road deck. The contrast between flow velocities in the bridge opening and over
the road deck is shown in Figure 6-4 and Figure 6-6.

Table 6-18. Gasconade River (A-3760) — Summary of computed hydraulic conditions for pier scour.

Approach Depth Approach Velocity
Model Type Storm Event

v (ft) (Ft/s)
100-yr 41.15 11.24

WSPRO
500-yr 46.07 8.85
100-yr 39.27 12.78

HEC-RAS
500-yr 4417 12.71
100-yr 41.84 6.58

SRH-2D
500-yr 46.42 6.57

Table 6-19 shows the key hydraulic parameters for abutment scour at bridge site A-3760. Both
abutments for A-3760 are spill-through abutments. The 2-D model determined a greater approach depth
for both abutments. The depths at the abutment toes were similar for the right abutment, but greater
using the 2-D results for the left abutment. The g, and g, values varied between the abutments, withthe
ratio g,/q; being less with the 1-D model for the left abutment (type A near the channel bank) and greater
for the right abutment (type B in the floodplain).
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Table 6-19. Gasconade River (A-3760) — Summary of computed hydraulic conditions for abutment
scour.

Approach Depthat

Model Type Storm Event Depth  Abutment Toe a1 q2 q2/q:
(ft) (ft) (ft>/s)  (ft%/s) ()
Left Abutment
100-yr n/a 18.26 n/a n/a n/a
WSPRO y / / / /
500-yr n/a 23.18 n/a n/a n/a
100-yr 36.18 0.36 362 110 0.30
HEC-RAS
500-yr 40.69 2.10 448 171 0.38
100-yr 41.69 2.35 156 268 1.72
SRH-2D
500-yr 44 .84 6.97 206 330 1.60
Right Abutment
100-yr n/a n/a n/a n/a n/a
WSPRO y / / / / /
500-yr n/a n/a n/a n/a n/a
100-yr 22.36 22.19 118 178 1.51
HEC-RAS
500-yr 27.26 27.09 130 176 1.35
100-yr 27.91 20.66 123 126 1.02
SRH-2D
500-yr 32.39 25.24 149 151 1.01

6.4.5 MissouriRiver (L-0550)

For the Missouri River (L-0550) site, the key hydraulic parameters for contraction scour are shown
in Table 6-20. The upstream flow depths were greater in the main channel for the 2-D model, but the
right overbank depth for the 100-yr 2-D scenario was an outlier. The velocities upstream of the
contraction were notably greater for the 1-D model in the main channel, 33.5 % greater thanthe average.
The flow through the bridge opening was also greater for the 1-D model by a margin, 25% in the channel
and 70% in the left overbank floodplain.

Table 6-20. MissouriRiver (L-0550) — Summary of computed hydraulic conditions for contractionscour.

Average Velocity

Upstream Flow Depth Upstream Flow Through Bridge Opening
Model  Storm (ft) (ft) (cfs)
Type Event . . .
Main Main Main
LOB Channel ROB LOB Channel ROB LoB Channel ROB
WSPRO 100-yr n/a 40.3 n/a n/a 10.42 n/a n/a 457,926 n/a
500-yr n/a 44.2 n/a n/a 11.65 n/a n/a 561,086 n/a

HEC- 100-yr 16.22 44.48 487 3.62 9.36 1.27 98,926 485,856 242

RAS 500-yr 20.83 49.09 1149 551 9.05 150 187,828 532,671 663

100-yr 15.85 47.29 20.88 2.15 6.13 1.46 56,315 338,930 1,483

SRH-2D
500-yr 20.01 51.53 738 2.39 6.99 1.69 81,174 448,863 2,441
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Table 6-21 provides the key hydraulic parameters related to pier scour for bridge site L-0550.
Thalweg approach depths for the 2-D model were slightly greater. The approach flow velocity for each
pier was greater for the 1-D model by 30% on average. The length of the bridge made average values a
better reference for comparison of hydraulic results, though not specifically relevant to individual pier
scour.

Table 6-21. MissouriRiver (L-0550) — Summary of computed hydraulic conditions for pier scour.

Approach Depth Approach Velocity
Model Type Storm Event

P (ft) (ft/s)
100-yr 58.15 14.38

WSPRO
500-yr 61.71 16.46
100-yr 54,97 11.17

HEC-RAS
500-yr 59.58 10.77
100-yr 56.88 8.22

SRH-2D
500-yr 61.16 7.92

Table 6-22 shows the key hydraulic parameters for abutment scour at bridge site L-0550. Both
abutments for L-0550 are spill-through abutments. The right abutment exists high above the floodplain
on top of a bluff, not exposed to flow in either model. Approach depths and depths at the toe of the
abutment were nearlyidentical. The unit discharges q; and g, were much greater for the 1-D model, and
the ratioq,/q; was also greater for the 1-D model. The left abutment is a type B abutment since it sitsin
the floodplain well setback from the channel.

Table 6-22. MissouriRiver (L-0550) — Summary of computed hydraulic conditions for abutment scour.

Approach Depthat

Model Type Storm Event Depth Abut. Toe a1 q2 q2/q:
(ft) (ft) (ft2/s)  (ft*/s) ()
Left Abutment
100-yr n/a 9.76 n/a n/a n/a
WSPRO y / / / /
500-yr n/a 13.32 n/a n/a n/a
100-yr 16.22 12.96 64.6 199 3.08
HEC-RAS
500-yr 20.01 17.5 151 245 1.62
100-yr 15.85 13.24 34.1 29.5 0.87
SRH-2D
500-yr 20.01 17.44 47.7 42.6 0.89
Right Abutment
100-yr n/a n/a n/a n/a n/a
WSPRO y / / / / /
500-yr n/a n/a n/a n/a n/a
100-yr n
HEC-RAS y /a n/a n/a n/a n/a
500-yr n/a n/a n/a n/a n/a
100-yr * n/a n/a n/a n/a n/a
SRH2D y / / / /a__n/
500-yr * n/a n/a n/a n/a n/a

* notapplicable:flood waters do notreachthe rightabutment
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6.5 Scour Analysis

The scour calculations combine the different hydraulic modeling results with the conditions of the
sediment under the bridge. Contraction and local (pier and abutment) scour were calculated and
eventually combined into a total scour. This total scour resembles the new ground line after the storm
event and therefore potentially affects the foundation conditions of the bridge.

For each bridge site, tables were produced containing the scour depth results for contraction
scour, pier scour, and abutment scour. Six total scenarios of bridge scour were observed in the analysis
with three different models — HEC-RAS (1-D), SRH-2D (2-D), and WSPRO (1-D, results from previous
studies). Scour estimations were determined for the 100-yr and 500-yr storm events at each site. The
maximum values of scour depth are specified considering lower flow rates can cause greater scour in
certainscenarios. For eachsite, piers were assigned consecutive ID numbers based ontheir position from
left to right looking in the downstream direction. This is also consistent with the orientation for all scour
plots within the report.

6.5.1 Creek (H-0024)

6.5.1.1 H-0024 Scour Analysis

The soil conditions were similar across the span of this small bridge consisting of cohesive clay (CL) with
variable sand content and there was no apparent bedload near the bridge. This total scour resembles the
new ground line after the storm event and therefore potentially affects the foundation conditions of the
bridge. The values for contractionscour are shownin Table 6-23 and for local scour (pier and abutments)
in Table 6-24 for each hydraulic modeling method used. These values are then plotted along the bridge
elevation for better comparison in Appendix F for the 1-D model and Appendix G for the 2-D model.

Table 6-23. Creek(H-0024) — Summary of computed contraction scour depths.

Storm Channel Scour Left Overbank  Right Overbank
Model Type Event Depth Scour Depth Scour Depth
(ft) (ft) (ft)
100-yr 3.5 n/a n/a
WSPRO y (Live Bed)
7.3
500-yr (Live Bed) n/a n/a
5.1 3.6 13
100-yr (Live Bed) (Live Bed) (Live Bed)
HEC-RAS
500-vr 5.2 7.8 3.7
y (Pressure Flow) (PressureFlow) (PressureFlow)
11.8 2.7 0.5
100-yr . .
SRH-2D (Pressureflow) (Live Bed™) (Live Bed*)
11.6 19 0.7
>00-yr (Pressure Flow) (Live Bed*) (Live Bed*)

*Pressure flow conditions but live bed computed scour was greater than the pressure flow computed
scour. Thus, the live bedscour depth was used.

The maximum contraction scour depths associated with the 1-D model hydraulics are 5.1 ft for
the main channel, 7.8 ft for the left overbank, and 3.7 ft for the right overbank. For the 2-D model, the
maximum contraction scour in the main channel was 11.8 ft, 2.7 ft in the left overbank, and 0.7 ft in the
right overbank. The difference in contractionscour depths in the main channel between the 2-D and 1-D
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models can be attributedto the greater portion of flow being conveyed through the main channel of the
bridge opening, shown in Table 6-8.

The H-0024 bridge site was the smallest of the five, with only one round-nosed wall pier between
the left andright abutments, whichis seeninthe scour plot comparisons shownin Figure 6-9. When using
the 1-D model to estimate scour, the maximum local scour depth for the pier was 5.0 ft, with max local
scour depths of 5.3 ft and 5.1 ft for the left and right abutments, respectively, as seenin Table 6-24. The
2-D model estimated much greater scour depths of 24.0 ft for the pier, 17.1 ft for the left abutment, and
15.1 ft for the right abutment.

Table 6-24. Creek(H-0024) — Summary of computed local scour (pier and abutments) depths.

Abutment WSPRO WSPRO HEC-RAS HEC-RAS SRH-2D SRH-2D
Location or 100-yr 500-yr 100-yr 500-yr 100-yr 500-yr
PierID BentID Scour Scour Scour Scour Scour Scour
Number Number Depth Depth Depth Depth Depth Depth
(ft) (ft) (ft) (ft) (ft) (ft)
Left 1 6.7 9.7 5.3* 0.3* 17.1* 16.5*
Abutment
1 2 5.4 7.4% 5.0¢ 4.7 23.1@ 24.0%
Right 3 8.0 11.9 5.1* 1.3* 15.1* 14.5*
Abutment

*Dso below the lower limit for the NCHRP method.
¢ uses the complex pier calculation method.

Bridge Elements

Bridge Cross-Section

——— HEC-RAS 100-yr Total Scour = = =HEC-RAS 500-yr Total Scour
SRH-2D 100-yr Total Scour = = =SRH-2D 500-yr Total Scour
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Figure 6-9. Creek (H-0024) — Total scour plot comparisons.
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The depths of abutment scour being so significant for the 2-D model are related to the high q,
values shown in Table 6-4 relative to the 1-D model. The amplification of abutment scour by contraction
scour also contributed to the large scour depths. The difference in pier scour can be attributedtothe flow
angle of attack upstream of the pier. A value of 0 degrees was assumed for the 1-D hydraulic results while
the 2-D model determines this number, which was between 19 and 21 degrees. The correction factor for
angle of attackincreases with pier skew to flow, as well as pier length, and this pier was long at 25.75 ft.
When removing this angle of attackfrom the 2-D model inputs, the local scour is reduced from 20+ ft to
around 1-2 ft. The increased flow depth associated withthe greater discharge of the 500-yr flood caused
road deck overtopping for the 1-D model, which decreased the flow concentration through the bridge
opening. The approachflow velocity used to calculate the pier scour shown in Table 6-3 was then less for
the 500-yr flood thanthe 100-yr flood, resulting in a slightly smaller computed pier scour depth as shown
in Table 6-24.

6.5.1.2 H-0024 AssessmentofBridge FoundationsDue to Scour

The 500-yr flood event conditions indicate that total scour will be about 25 feet depth for the middle pier
and near the abutments it may be 12 ft depth. This 1925 bridge (98-yr old) is a small concrete slab bridge
with two 20-ft spans supported by a single wall pier. The bridge is supported on 20-ft driven timber piles,
and they were treated with creosote before installation. Each bridge bent has 13 piles under each pier
and six additional piles for the abutment wingwalls. These piles are likely friction piles since a firm stratum
is much deeper than 20-ft. Without the constructionrecords, it is difficult to assess the actual length of
the timber piles. The level of totalscour predictedfor the middle pier would undermine the foundations
during the 500-yr storm event. Without this middle support, the bridge most likely will collapse. Because
the pier is long and narrow (wall-like geometry), these predictions are strongly affected by the flow angle
of attackand bridge skew which is the driving factor for the large local scour depths calculated. SRH-2D
hydraulic modeling results indicate this bridge will experience pressure-flow conditions during both the
100-yr and 500-yr events. HEC-18 recommends countermeasures be installed at sites with pressure flow
conditions. It should also be noted that the timber piles were treated with creosote, but since the water
level changes along the floodplain, itis anticipatedthat the timber piles deteriorated with time.

6.5.2 Wolf Creek (L-0022)

6.5.2.1 L-0022 Scour Analysis

The soil conditions at L-0022 were similar along the multiple bridge bents consisting of cohesive materials
silts (ML) and clays (CL) and there was limited bedload material near the bridge. The abutments have
countermeasures of concrete shotcrete and additional riprap near the toe of the slope. The values for
contraction scour are shown in Table 6-25 and for local scour (piers and abutments) in Table 6-26 for each
hydraulic modeling method used. These values are then plotted along the bridge elevation for better
comparison in Appendix F for the 1-D model and Appendix G for the 2-D model.
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Table 6-25. Wolf Creek(L-0022) — Summary of computed contraction scour depths.

Channel Scour Left Overbank  Right Overbank

Model Type Storm Event Depth Scour Depth Scour Depth
(ft) (ft) (ft)
100-yr . /1 n/a n/a
WSPRO (Live Bed)
20.0
500-yr (Live Bed) n/a n/a
0.0 0.0 0.1
100-yr (Live Bed) (Clear Water) (Clear Water)
HEC-RAS
500-yr ' 0.0 0.0 ' 0.0
(Live Bed) (Clear Water) (Live Bed)
100-yr 8.5 2.1 3.2
SRH-2D (Clear Water) (Clear Water) (Clear Water)
500-yr 16.9 3.4 2.8
(Clear Water) (Clear Water) (Clear Water)

The computed contraction scour depths for the 1-D model were zero. Maximum contraction scour
depths computed using the 2-D model hydraulics were 16.9 ft for the main channel, 3.4 ft for the left
overbank, and 3.2 for the right overbank. The hydraulic conditions shown in Table 6-11 favor the 1-D
model for stronger, faster flow which would induce contraction scour, but another factor not listed caused
the significant difference in computed contraction scour depths between the models. The bottom width
in the contractedsectionand depth prior to scour computed by the 2-D model were drastically different
from the values determined manually from the 1-D model. Though both models had bank stations in the
contracted section 40+ feet apart, the 2-D model reduced the bottom width for the main channel to just
15.8 ft for the 100-yr storm event, and even less for the 500-yr event. The method for determining this
adjusted bottom width was not clear and should be explored for future use of SRH-2D to estimate
contractionscour.

Bridge L-0022 over Wolf Creek had a short span supported by two piers with sloping abutments.
The local scour depths at the piers were computed for the two models. The 1-D model computed a
maximum pier scour of 4.3 ft. The 2-D model computed a maximum local scour depth of 4.7 ft for a pier.
The pier scour depths were similar between the models, including the depths estimated by the previous
scour analysis done using WSPRO. As for abutment scour computations, the 1-D model estimated no
abutment scour while the 2-D model estimated significant abutment scour, with a maximum depth of
43.9ft at the left abutment and 47.4 ft at the right abutment, as seenin Table 6-26.
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Table 6-26. Wolf Creek (L-0022) — Summary of computed local scour (piers and abutments) depths.

Abutment WSPRO WSPRO HEC-RAS HEC-RAS SRH-2D SRH-2D
Location or 100-yr 500-yr 100-yr 500-yr 100-yr 500-yr
PierID BentID Scour Scour Scour Scour Scour Scour
Number Number Depth Depth Depth Depth Depth Depth
(ft) (ft) (ft) (ft) (ft) (ft)
LeftAbut. 4 6.5 7.8 0.0 0.0 27.3 43.9
1 3 4.4 4.8 4.0 43 4.0 4.7
2 2 4.4 4.8 4.0 43 4.0 3.9
Right Abut. 1 0.7 2.1 0.0 0.0 31.4 47.4

Abutments: average flow velocity upstream and upstream flow depth
Piers: flow depth upstream of pier and flow velocity upstream of pier

With abutment scour being an amplification of contraction scour, the different values associated
with the 1-D and 2-D models are congruent with the contraction scour depths for the site. The pier scour
depths are different despite the faster and shallower approach flow associated withthe 1-D model. The
angle of attack of flow associated with the 2-D model makes up for the less intense flow conditions to
reach similar pier scour levels as the 1-D model. The bridge elements and total scour plots for each storm
event and each model are shown in Figure 6-10, where the effects of the deep contraction scour
computed by the 2-D model contrast sharply with the shallow contraction scour for the 1-D model.

Bridge Elements Bridge Cross-Section

HEC-RAS 100-yr Total Scour — = =HEC-RAS 500-yr Total Scour
SRH-2D 100-yr Total Scour = = =SRH-2D 500-yr Total Scour
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Figure 6-10. Wolf Creek (L-0022) — Total scour plot comparisons.
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6.5.2.2 L-0022 Assessment of Bridge FoundationsDue to Scour

The 500-yr flood event conditions indicate that total scour will be about 40 ft at the middle bents and less
near the abutments. This 1945 bridge (78-yr old) is a small concrete slab bridge with three 25-ft spans
supported by two rows of piers. The bridge bents are supported on precast concrete-driven piles, and
they are continuous from the bridge bent to the pile tip or toe. Each intermediate bent has six piles, and
the abutment bents have seven piles. This bridge does not have any wingwalls giventhe sloped geometry
and it is experiencing instabilities on the southeast abutment (Bent 4). The length of the piles is unknown,
only some notes in the plans indicate that the test pile should be 40-ft long and all pile tips should be
driven to a minimum elevation, resulting in shorter piles. Therefore, it is assumed that the pile lengths
are approximately 40 ft long from the bottom of the bents. These piles are likely friction piles since a firm
stratum is much deeper than 40-ft. Without the construction records, it is difficult to assess the actual
length of the concrete piles. With the severe total scour prediction and the undermined intermediate
bents, the entire bridge would collapse and wash out. However, it is important to realize that this type of
bridge, due to its age and scour risk conditions, needs mitigation or even replacement.

6.5.3 DryFork Creek (L-0564)

6.5.3.1 L-0564 Scour Analysis

For the L-0564 bridge the soil conditions were quite uniform (silty sand) except within the channel the
material was a bit more coarse compared to the floodplain. Minimal countermeasures or rock protection
were observed at the base of the piers, and minimal rock protection was observed on the abutments. The
countermeasures were not included in this scour analysis. The values for contractionscour are shown in
Table 6-27 and for local scour (piers and abutments) in Table 6-28 for each hydraulic modeling method
used. These values are then plotted along the bridge elevation for better comparison in Appendix F for
the 1-D model and Appendix G for the 2-D model.

Table 6-27. Dry Fork Creek (L-0564) — Summary of computed contraction scour depths.

Storm Channel Scour Left Overbank  Right Overbank
Model Type Event Depth Scour Depth Scour Depth
(ft) (ft) (ft)
100-yr 2.8 14.7 7.5
WSPRO (Clear Water) (Clear Water) (Clear Water)
2.2 155 7.2
200-yr (Clear Water) (Clear Water) (Clear Water)
100-vr 4.0 2.8 0.0
Y (Clear Water) (Clear Water) (Clear Water)
HEC-RAS 4.2 3.4 0.0
>00-yr (Clear Water) (Clear Water) (Clear Water)
100vr 0.0 0.0 0.0
SRH-2D ¥ (Live Bed) (Clear Water) (Clear Water)
0.0 0.0 0.0
500-
yr (Clear Water) (Clear Water) (Clear Water)

The maximum contraction scour depths computed by the 1-D model were 4.2 ft for the main
channel, 3.4 ft for the left overbank, and no contraction scour in the right overbank. The 2-D model, in
contrast to the 1-D model, computed zero contraction scour within the contracted bridge section of the
site. The average velocities and flow depths upstream were similar between the two models as seenin
Table 6-14, but the differing input variable for contraction scour computation is also shown in the table.
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The flow through the bridge opening is estimated to be significantly higher for the 1-D model, thus
computing greater contraction scour as well. The cause of lower flow for the 2-D model was the sinuous
river geometry prior to the contraction directed a greater portion of the flow over the road deck rather
than through the bridge opening, whereas the 1-D model assumes conveyance will always prefer the
deepest section of the channel. The flow velocity distribution maps associated with the different model
types display this phenomenon.

The local scour depths for piers and abutments are shownin Table 6-28. The maximum pier scour
computed using 1-D HEC-RAS model hydraulics was 3.2 ft. The maximum pier scour for the 2-D model
was 7.0 ft. The maximum abutment scour for the left abutment using the 1-D model was 13.2ft and 0.0
ft for the right abutment. The 2-D model estimated maximum abutment scour depths of 28.0 ft for the
left abutment and 21.0 ft for the right abutment.

Table 6-28. Dry Fork Creek (L-0564) — Summary of computed local scour (piers and abutments) depths.

WSPRO WSPRO HEC-RAS HEC-RAS SRH-2D SRH-2D
Abutment
Location or BentID 100-yr 500-yr  100-yr 500-yr 100-yr 500-yr
Pier ID Number  scour Scour Scour Scour Scour Scour
Number Depth Depth Depth Depth Depth Depth
(ft) (ft) (ft) (ft) (ft) (ft)
Left Abut. 1 6.7 8.6 11.2 13.2 23.6 28.0
1 2 3.6 3.6 3.1 3.2 6.8 7.0
2 3 3.8 3.7 3.1 3.2 3.9 3.6
3 4 4.0 4.0 3.1 3.2 3.1 3.4
4 5 4.0 4.0 3.1 3.2 3.8 3.8
Right Abut. 6 0.0 3.2 0.0 0.0 19.3 21.0

The thalweg flow depths and velocities used to compute pier scour were similar and the
differences between the 1-D model and 2-D model have negligible effects on the pier scour depths. The
defining variable contributing to greater pier scour depths when using the 2-D model was the angle of
attack applied in the computations for each pier. The angled flow increased the area of the piers
interacting with the flow, leading to deeper pier scour depths than the 1-D model computed with angle
of attackinputs of zero. Abutment scour depths computed with the 2-D model hydraulics exceed those
of the 1-D model, with multiple factors possibly contributing to the differences visible in the total scour
plot, Figure 6-11. The value of g, for the 1-D model is much lower at the left abutment than at the right
abutment, which impacts the g,/q; ratio important to abutment scour computations. The higher
abutment scour estimations for the 2-D model were unexpected, given the zero contraction scour
present. The abutment scour values were irregular for this site, which is possible considering the
complicated and raw computations particularly present when computing abutment scour.
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Figure 6-11. L-0564 — Total scour plot comparisons.

6.5.3.2 L-0564 Assessment of Bridge FoundationsDue to Scour

The 500-yr flood event conditions indicate that total scour will not exceed a depth of 20 ft and near the
abutments, it may be as much as 30 ft depth. This old bridge (70-yr) is a unique design with bents
consisting of a combination of timber and steel, the deck has deteriorated significantlyand there are signs
of severalrepair attempts. The bridge is supported on deep foundations that consist of 50-ft driven timber
piles (order length). The foundations are likely friction piles, but some of the piles may have reached
capacityat less penetration. Without the constructionrecords, it is difficult toassess the actuallength of
the timber piles. Each bent has a minimum of five (5) piles and the abutments have additional smaller
piles (20-ft long) for the wing walls. Significant pile capacity may be lost if this level of total scour is
experienced during the 500-yr storm event. Most of the lateral capacity is developed in the upper third
to the pile embedment, therefore some will be lost, and given the age and current condition of this old
bridge, the overall stability may be compromised. It should also be noted that the timber piles were
treated with creosote, but since the water level changes along the floodplain, it is anticipated that the
timber piles have deteriorated.

6.5.4 Gasconade River(A-3760)

6.5.4.1 A-3760 Scour Analysis

For the A-3760 bridge, the soil conditions were different at the channel (gravel) when compared to the
floodplain (silty sands and clays). At the base of each bridge pier (ground level), there are
countermeasures (large-size rock protection) installed to prevent some of the pier scour, but this is not
included in this scour analysis. The values for contraction scour are shown in Table 6-29 and for local
scour (piers and abutments) in Table 6-30 for each hydraulic modeling method used. These values are
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then plotted along the bridge elevation for better comparison in Appendix F for the 1-D model and
Appendix G for the 2-D model.

Table 6-29. Gasconade River (A-3760) — Summary of computed contraction scour depths.

St Channel Scour Left Overbank  Right Overbank
Model Type Evc:-zrr:: Depth Scour Depth Scour Depth
(ft) (ft) (ft)
100-vr 0.7 0.0 9.8
WSPRO ¥ (Live Bed) (Clear Water) (Clear Water)
500 0.0 0.0 9.5
vr (Live Bed) (Clear Water) (Clear Water)
0.0 0.0 7.7
100-
yr (Live Bed) (Clear Water) (Pressure Flow)
HEC-RAS
500-vr 7.8 0.0 6.9
¥ (Pressure Flow) (Clear Water)  (Pressure Flow)
100- 0.0 0.0 14.4
SRH-2D yr (Clear Water) (Clear Water) (Pressure Flow)
13.1 0.0 19.0
500-yr
(Pressure Flow) (Clear Water)  (Pressure Flow)

The maximum depth of contraction scour in the channel determined using the 1-D model
hydraulics was 7.8 ft. The maximum depth of contraction scourin the channel for the 2-D model was 13.1
ft. Neither model predicted contraction scour for the left overbank. The maximum contraction scour
estimatedin the right overbank was 7.7 ft for the 1-D model and 19.0 ft for the 2-D model.

Hydraulic Toolbox guidelines state that where coarse sediments are present, the recommended
practice is to calculate live-bed and clear-water contraction scour and use the smaller calculated
contraction scour depth for design. If pressure flow conditions are present, the greater scour depth (or
lower elevation) of pressure flow, live-bed or clear-water contraction scour for design should be used.

The larger sediment sizes present in the Gasconade River prevented contraction scouring in the
left overbank, while contraction scour in the main channel only occurred when the water surface rose
above the bottom of the bridge deck and caused pressure flow. The pressure flow conditions for the 500-
yr storm event in both models raised the flow velocities enough to surpass the critical velocity for bed
material displacement. The average depth in the contracted section for the 2-D model was almost 4 ft
greaterthanthe 1-D model — a possible cause of greater channel contraction scour depth. The computed
contraction scour depths for the right overbank varied significantly between the model types, withthe 2-
D model estimating a max contraction scour depth more than twice that of the 1-D model. In the right
overbank region of the contraction, the discharges and flow depths shownin Table 6-17 for the 2-D model
exceed those of the 1-D model enough to cause significant differences in contraction scour depths.

Bridge A-3760 over the Gasconade River was the second longest bridge studied with 11 piers and
two abutments. Maximum pier scour was estimated at Pier 3 for boththe 1-D and 2-D models with depths
of 14.8 ft and 18.2 ft, respectively. The estimated pier and abutment scour at each bent are shown in
Table 6-30. As for the maximum abutment scour, the right abutment was the only one likely toscour. The
1-D model estimated an abutment scour depth of 49.2 ft while the 2-D model estimated 15.9 ft.
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Table 6-30. Gasconade River (A-3760) — Summary of computed local scour (piers and abutments)

depths.
Abutment WSPRO WSPRO HEC-RAS HEC-RAS SRH-2D SRH-2D
Location or Bent ID 100-yr 500-yr 100-yr 500-yr 100-yr 500-yr
Pier ID Number Scour Scour Scour Scour Scour Scour
Number Depth Depth Depth Depth Depth Depth
(ft) (ft) (ft) (ft) (ft) (ft)
Left Abut. 1 37.3F 459F 17.6 21.5 56.9 67.6
1 2 4.5 4.9 10.5 10.6 9.5 9.6
2 3 5.7 6.1 9.7 10.1 144 15.0
3 4 13.9 12.7 14.6 14.8 17.9 18.2
4 5 13.9 12.7 14.6 14.8 149 13.5
5 6 7.8% 6.7%¢ 11.6 11.7 10.5 10.6
6 7 8.5¢ 7.4 10.5 10.6 9.5 9.6
7 8 8.9¢ 7.9% 10.5 10.6 9.5 9.6
8 9 8.8% 7.8% 10.5 10.6 9.5 9.6
9 10 8.2% 7.2% 10.5 10.6 9.5 9.6
10 11 8.1% 7.0 10.5 10.6 9.5 9.6
11 12 9.0% 8.0% 10.5 10.6 9.5 9.6
Right Abut. 13 0.0 0.0 47 .4 49.2 15.9 114

Fuses Froelich’s (1989) calculation method
¢ uses complex piercalculation method.

The local scour depths at the piers were overall slightly greater (approximately 10%) for the 1-D
model than the 2-D model. Thisis caused, in part, by the estimated thalweg approach velocities in the 1-
D model being approximately two times greater thanthose in the 2-D model as shown in Table 6-18. The
difference betweenthe 1-D and 2-D model velocities is due to larger velocities, and associated discharge,
being conveyed over the roadway embankment in the left floodplain of the 2-D model. These significantly
larger flow velocities for the 1-D model are being counterbalanced by the higher attack angles from the
2-D modeling which results inonly slightly larger (~10%) estimated pier scour depths on average.

The abutment scour depths estimated are rather extreme and vary widely and non-uniformly
betweenthe twomodels. The left abutment was type A and the right abutment was type B. The geological
characteristics of the left bank would prevent abutment scour during the occurrence of an extreme flood
event since it is a vertical rock bluff of non-erodible material visible on the left side of Figure 6-12. The
right abutment would be much more susceptible to scour, as it sits inthe floodplain and is at the location
of the most significant flow contraction. The 1-D model predicts greater abutment scour as Table 6-19
shows the higher q,/q; ratiovalues, which lead to a larger scour amplification factor.
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Figure 6-12. Gasconade River (A-3760) — Total scour plot comparisons.

6.5.4.2 A-3760 Assessment of Bridge Foundations Due to Scour

The 500-yr flood event conditions indicate that significant total scour will certainly reach the bedrock
material. This means thatthe calculations for total scour will be limited to the top of bedrock elevation
(~El. 604). Fortunately, this bridge is supported by foundations reaching the bedrock material. Within
the channel, the bridge’s main span is supported on shallow footings directly on rock, and outside the
channel the bridge bents are supported on deep foundations, steel piles driven to rock. The driven piles
wereinstalledat a batter angletoaccount for lateralloads in the longitudinal direction of the bridge. The
total scour conditions could leave the deep pile foundations without lateral support. However, the
battered piles will be able to temporarily carry the lateral load during these unique critical local scour
conditions. SRH-2D hydraulic modeling results indicate this bridge will experience pressure-flow
conditions during the 500-yr event. HEC-18 recommends countermeasures be installed at sites with
pressure flow conditions. The risk for bridge collapse is low given the design and as-built conditions of
the bridge. However, the abutment scour on the alluvium side of the bridge (south) is a critical condition
for the embankment stability. It would be imperative that mitigation and countermeasures be installed
soon after such 500-yr storm event.

6.5.5 MissouriRiver (L-0550)

6.5.5.1 L-0550 Scour Analysis

The soil conditions are relatively constant within the alluvium but change in the channel and encounter
rock in the south abutment. For the L-0550 bridge, the level of total scour calculated does reach the
bedrock in some of the piers (2, 3,4, and 5). Asin previous bridge conditions where the bedrock is within
reach, the total scour should be truncated once the rock is reached. Therefore, the total scour line should
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not be deeper than the “Rock Line” shown in purple in the following figures. It should be noted that at
the base of bridge Pier 4 in the main channel there are countermeasures (large-size rock protection)
installed after 2015, according to the plans submitted. Besides Pier 4, it was not apparent that any other
piers received any countermeasure. Again, the countermeasures are not included in this total scour
analysis for this study. See the summary of computed contraction scour depths in Table 6-31 and the local
scour (piers and abutments) depths in Table 6-32. These values are then plotted along the bridge
elevation for better comparison in Appendix F for the 1-D model and Appendix G for the 2-D model.

Table 6-31. MissouriRiver (L-0550) - Summary of computed contraction scour depths.

St Channel Scour Left Overbank Right Overbank

Model Type Evc:-zrr:: Depth Scour Depth Scour Depth
(ft) (ft) (ft)
100-vr 5.4 3.2 0.0

WSPRO ¥ (Live Bed) (Clear Water) (Clear Water)
6.8 11.0 0.0

200-yr (Live Bed) (Clear Water) (Clear Water)
2.2 0.0 0.0

100-yr (Live Bed) (Live Bed) (Clear Water)
HEC-RAS 20 00 0.0

>00-yr (Live Bed) (Live Bed) (Clear Water)
100- 6.2 0.0 0.0

SRH-2D yr (Live Bed) (Live Bed) (Clear Water)
9.9 0.0 15

>00-yr (Live Bed) (Live Bed) (Clear Water)

The maximum contraction scour computed in the main channel using the 1-D HEC-RAS model
hydraulics was 4.0 ft, with no contraction scour in the left and right overbank areas. The maximum
contraction scour computed using the 2-D model was 9.9 ft, with no contraction scour in the left overbank
and 1.5 ft in the right overbank. The right overbank consists of a rail line at the base of a rocky bluff, thus
contraction scour here due to contraction is unlikely. The hydraulic conditions applied for contraction
scour computations were similar, even stronger for the 1-D model based on Table 6-20, since the 1-D
model predicted greater flow velocity, less flow depth, and greater flow through the opening in the main
channel. The two ratios important for live-bed contraction scour prediction in the main channel are: 1)
the ratio of the width upstreamtransporting sediment to the width in the contractedsection, and 2) the
ratio of the discharge in the contracted sectionto the discharge upstreamtransporting sediment. These
ratios were both slightly greater for the 2-D model, which leads to a greater computed contraction scour
depth in the main channel.

The computed scour depths for the individual piers and both abutments are shown in Table 6-32.
The maximum pier scour depth using the 1-D model was 39.7 ft and 74.3 ft for the 2-D model. The
maximum abutment scour for the 1-D model at the left abutment was 49.9 ft and zero at the right
abutment. For the 2-D model, the maximum abutment scour at the left abutment was 0.8 ft and zero for
the right abutment.

71



Impacts of Hydraulic Modeling Methods on Bridge Scour Analysis WATER IN STITUTE

MoDOTTR202017

Table 6-32. MissouriRiver (L-0550) — Summary of computed local scour (piers and abutments) depths.

Abutment WSPRO  WSPRO HEC-RAS  SRH-2D
Locationor 100-yr 500-yr HEC-RAS 500-yr 100-yr SRH-2D
Pier ID BentID Scour Scour 100-yr Scour Scour  500-yr Scour
Number Number Depth Depth ScourDepth Depth Depth Depth

(ft) (ft) (ft) (ft) (ft) (ft)

Left Abut. 19 18.9H 27.1+4 49.9 48.0 0.8 0.7

1 18 6.0 13.5¢P 13.7 13.6 15.9 13.5

2 17 6.5 9.0¢? 14.8 14.7 13.4 13.1

3 16 7.0 8.9¢P 15.8 15.8 14.8 14.0

4 15 6.0 8.5¢P 13.7 13.6 13.2 12.0

5 14 6.5 8.6¢P 14.8 14.7 13.9 13.6

6 13 7.0 8.9¢P 15.8 15.8 13.9 14.7

7 12 6.5 9.4¢P 14.8 14.7 13.6 14.3

8 11 6.5 14.7¢P 14.8 14.7 13.8 13.1

9 10 7.0 13.4¢P 15.8 15.8 14.7 14.1

10 9 7.0 16.0¢P 15.8 15.8 16.5 15.6

11 8 7.8 20.2¢P 17.8 17.7 18.3 17.3

12 7 6.9 10.2¢P 15.8 15.8 17.7 16.7

13 6 11.3 17.4¢P 30.9 30.8 32.8 31.3

14 5 12.5 20.6¢P 39.7 39.5 74.3 70.2

15 4 43.9¢P 46.5¢P 35.9 35.7 33.3 33.2

16 3 24.8¢P 26.2¢P 27.6 27.5 38.1 37.9

17 2 0.0 0.0 13.7 13.6 18.3 15.3

Right Abut. 1 0.0 13.9F 0.0 0.0 0.0 0.0

Husesthe HIRE (1990) calculation method.
Fuses Froelich’s (1989) calculation method.
¢ uses complexpier calculation method.

Excluding Pier 14, the local scour depths were similar across the entire span for both models.
Though the flow velocity usedin the pier scour computations was greater for the 1-D model, the angle of
attackpresentinthe 2-D model had a much more significant effect onthe pier scour depth. The difference
in scour depth at Pier 14 adjacent to the main channel, illustratedin Figure 6-13, can almost entirely be
attributedtothe difference in angle of attack. The abutment scour at the left abutment was virtually zero
for the 2-D model and almost 50 ft for the 1-D model. The ratio of g,/q; was 1.62 for the 1-D model and
0.89 for the 2-D model during the 500-yr storm event. The other variables used in the abutment scour
computation, upstream flow depth, and depth prior to scour, were virtually the same. The unit discharge
values for the 1-D model were manually calculatedto be greater thanthose of the 2-D model by a factor
of threeto five.
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Figure 6-13. Missouri River (L-0550) — Total scour plot comparisons.

6.5.5.2 L-0550: Assessment of Bridge FoundationsDue to Scour

The 500-yr flood event conditions indicate that the total scour will reachthe bedrock materialin several
piers (Piers 1, 2, 3,4, and 5). This means that the calculations for total scour will be limited to the top of
bedrock elevation (~El. 454). Fortunately, this bridge is supported by foundations reaching the bedrock
material. Within the channel, the bridge main spanis supported on piers on drilled shafts directly on rock,
and outside the channel the bridge bents are supported on deep foundations, steel piles driven to rock.
The driven piles were installed at a batterangle to account for lateralloads in the longitudinal direction
of the bridge. The total scour conditions could leave the deep pile foundations without lateral support.
However, the battered piles will be able to carry the lateral load during these unique critical scour
conditions. The risk for bridge collapse is low given the design and as-built conditions of the bridge. It
would be imperative that mitigation and countermeasures be installed soon after such 500-yr storm
event.
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7 DISCUSSION OF RESULTS

7.1 Overall Comparison Between Methodologies

The objective of this bridge scour study was to compare bridge scour estimations computed using the
hydraulics from a simplified 1-D model (WSPRO), a comprehensive 1-D model (HEC-RAS), and a 2-D model
(SRH-2D). By computing scour for two different models for two storm events across five bridge sites,
twenty data sets were acquired for scour scenarios. When including the previous studies conducted at
the same bridge sites, thirtytotal scenarios were available for comparison and patternidentification. From
these data sets, bar graphs were produced to directly compare model outputs. In total, nine bar graphs
visualize hydraulic model outputs (thalweg approach depth, thalweg approach velocity, and flow in the
main channel through the bridge opening) and scour model outputs (average pier scour depth, main
channel contraction scour depth, right and left abutment scour, and right and left overbank contraction
scour) for each scenario.

Two-dimensional models are preferred over 1-D models for scour analysis in complex flow, such
as rivers with high sinuosity, flow obstructions, bridge openings, and culverts (Arneson et al., 2012). The
difference between the 1-D and 2-D results would be considered an error from the preferred method.
The study followed the hydraulic modeling procedures of the FHWA, including the use of HEC-RAS for 1-
D modeling and SRH-2D for 2-D modeling. Figure 7-1 through Figure 7-9 serve to visualize the differences
in hydraulic conditions and scour computed by the models in this study. Trend observations were made
of relative imprecision in the result comparisons, either higher or lower. Causations of the trends were
determined by investigating specific hydraulic inputs tothe scour calculation methods and their relevance
to specific modeling approaches.

The hydraulic modeling results consisted of flow data computed using the different models with
their different computation methods. Boundary conditions, set as modelinputs, were consistent withthe
HEC-RAS models calibrated based on the downstream water surface elevation of the SRH-2D model. The
WSPRO study used input flow rates acquired over two decades ago, while three of the five sites modeled
with HEC-RAS and SRH-2D used flow rates from modern computation methods (i.e., Streamstats). The
tables containing hydraulic results were for comparing flow data. The scour results would be influenced
by the results seen in the tables. The thalweg approach depths and velocities computed by the models
are shown in Figure 7-1 and Figure 7-2. These values, used in the pier scour equation, were factors used
to compare important flow characteristics of the model.
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Figure 7-1. Thalweg approachflow depths used to compute pier scour.
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Figure 7-2. Thalweg approachflow velocities used to compute pier scour.

Seven out of the tenscenarios differed betweenthe models by less than 7%, and seven out of ten
models computed smaller flow depths for HEC-RAS. Differences in flow depth would cause insignificant
scour differences, as the average difference in computed thalweg approach depths was 0.62%.
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A significant difference, 46.9%, was observed between thalweg flow velocities in the WSPRO
1990s study and the HEC-RAS model revealing possible inaccuracies in the previously conducted bridge
scour studies. The lack of input data resolution (4 cross-sections) at each site by the WSPRO study
contrasted with the HEC-RAS models (approximately 20 cross-sections) was the apparent source of error.
The methodology of acquiring cross-section topography has evolved to much greater precisioninthe time
between the WSPRO and current studies, as discussed in Section 4.4. The natural change in
geomorphology in the river basin over the last two decades did not likely influence the thalweg flow
velocity.

The HEC-RAS models computed, on average, a flow velocity 34.3% greater than the SRH-2D
model. Only one of the ten scenarios had an estimated approachvelocity by the 2-D model greater than
the HEC-RAS model. Overall, the 1-D models computed higher flow velocities than the 2-D model,
attributable to the differences in flow computations where 1-D models distribute flow based on flow
depth and Manning’s roughness, not the realistic 2-D dynamics present in complex flow situations.
Instances of highly two-dimensional flow affecting channel flow velocities were apparent when 1-D and
2-D flow velocity distributions (located in Appendices D and E) were compared for each bridge site. The
momentum equation, utilized by the 2-D model, allowed flow to move in all horizontal directions and
follow paths based on momentum. One-dimensional flow strictly followed the contours of the cross-
sections and was oriented in the downstream direction, which does not accurately represent realistic flow
conditions. The Gasconade River (A-3760) site provides clear visuals and numerical results supporting this
concept. The velocity distributions display flow moving from south to north, with Figure 6-4 showing 1-D
flow concentratedin the main channel while Figure 6-6 shows greater flow conveyance over the roadway
in the floodplain, a characteristic of the 2-D hydraulic model maintaining flow momentum from the
channel upstream prior to the meander across the floodplain.

The flow rate through the bridge opening in the main channel was the flow rate computed to pass
through the main channel at steady-state conditions for each flood scenario. This flow characteristic
computed by the models was important for contraction scour and abutment scour equations. The results
shown in Figure 7-3 provide insight into the amount of flow rate estimated to threaten bridge stability in
the main channel, where the flow rateis generallythe largest.

The HEC-RAS 1-D model estimated a flow rate through the bridge opening in the main channel
39% higher than the 2-D model, on average. The only outlying scenarios were the 1-D model flow rates
which were not higher for the H-0024 site, again the smallest of the five. The logarithmic scale on the
vertical axis of the graph, used to effectively discharge the large range of flow rates for the study, appears
deceiving as differences in flow rates were rather significant. For example, bridge site L-0564 had flows
for the 1-D model that were approximately 90% greater thanthe 2-D model. Higher flow rates observed
in the main channel are correlated to the high flow velocities computed by the 1-D model as shown in
Figure 7-2 and Appendices D and E, with example bridge site A-3760 being an example detailed in Sections
6.2and 6.3.
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Figure 7-3. Flow rate through the bridge opening in the main channel thatis used to compute
contractionscour.

Comparisons between the main channel flow rates of the WSPRO study and the HEC-RAS models
showed the discharge in the main channel was 24.4% less on average for the WSPRO study. Factors
influencing these results and causing this trend were smaller flow rates in the WSPRO study for three of
the five sites, inconsistent channel widths between models used to compute discharge, and low-
resolution geometric data.

Hydraulic conditions from each model were input to Hydraulic Toolbox’s scour analysis tool which
computed contraction, pier, and abutment scour to give a final total scour plot. The hydraulic conditions
directly influenced the scour computation methods, as they are circumstantially dependent on the flow
data inputs. Different scour equations apply in different scenarios based on parameters like flow depth
for pressure flow (e.g., when the water surface elevation is greater than the bottom cord of the bridge),
complex pier scour (e.g., when a pier pile cap is exposed by the thalweg contraction scour depth), and
live-bed or clear-water contraction scour, which depends on flow velocities and sediment transport
conditions. The pier scour depth results shownin Figure 7-4 were averaged across all piers to capture the
trends across eachsite, though individual pier scour depths are shown in Section 6.5.

77



Impacts of Hydraulic Modeling Methods on Bridge Scour Analysis
MoDOTTR202017 WATER INSTITUTE

WSPRO MBHEC-RAS SRH-2D

100-yr 500-yr | 100-yr 500-yr | 100-yr 500-yr | 100-yr 500-yr | 100-yr 500-yr

Average Pier Scour Depth (ft)
- = N N w w D
o w o [9,] o (6] o (6] o

H-0024 L-0022 L-0564 A-3760 L-0550
Bridge and Storm Event

Figure 7-4. Average pier scour depths.

The WSPRO model computed average pier scour depths 3.4% less than HEC-RAS with a mean
absolute percent error of 27.7%, as shown in Figure 7-4. The methods for determining the pier scour
inputs varied. The previous study used the local flow depths at each pier and maximum velocities in their
respective region (left overbank, channel, right overbank) (Huizinga and Rydlund, 2002; Rydlund and
Huizinga, 2001; Rydlund and Huizinga, 2002a; Rydlund and Huizinga, 2002b; Huizinga and Rydlund, 2003),
while the HEC-RASand SRH-2D models used thalweg flow depth and velocity for all bridge piers (Arneson
et al., 2012). The variations of thalweg depth and velocity only apply to pier scour in the main channel
when comparing the 1-D models. Overall, the average pier scour depths were different by a relatively
small margin except for the pier scour depths computed for H-0024 from SRH-2D hydraulic inputs.

On average, the HEC-RAS model produced scour depths 24.2% less than SRH-2D with a mean
absolute percent error of 28.5%. The key defining factor separating the model types on pier scour depth
was the angle of attack. The 2-D model computes and automatically populates the angle of attackinput
in Hydraulic Toolbox. The pier lengths and approach flow angle of attack were used to compute the
correctionfactor K, for the angle of attack, whichincreases withincreasing attackangle. The attack angles
used for the 1-D models were zero in congruence with the WSPRO study. Procedures to determine the
angle of attackfroma 1-D model were not detailed in HEC-18 or the Hydraulic Toolbox Manual. The only
site which returned a deeper average pier scour for the HEC-RAS model was A-3760 which had a thalweg
flow velocity in the 1-D model nearly two times that of the 2-D model. Overall, the angle of attack
differences had a greater influence on pier scour depths than flow velocity differences.

The main channel contraction scour depths computed by each model did not vary in an
identifiable patternfor one reason. Contractionscour depths have the potential to vary widely based on
minor differences in flow depth and flow velocity. The flow velocity relative tothe critical velocity for the
input sediment size determined whether clear-water or live-bed scour was occurring. The water surface
elevation relative to the bridge deck determined the presence of pressure flow through the bridge
opening. Small differences in velocity and depth could cause the use of equations that compute scour
differently. The graph in Figure 7-5 shows the main channel contraction scour depths at each site. The
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irregularity of scour computations made the causes of different results difficult to isolate, though
observations were made for that purpose.
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Figure 7-5. Main channel contractionscour depths.

Generaltrends in main channel contraction scour depth were not apparent between the WSPRO
study and the HEC-RAS models. The variability of multiple model input methods produced results
unrelatable to each other.

For seven out of the ten scour scenarios, the contraction scour depths in the main channel were
less for the HEC-RAS model than the 2-D model by an average of 68%. The other three scenarios had no
scour for the 2-D model and less than 5 ft of scour for the 1-D model. Eachsite had detailed causes of the
difference in main channel contractionscour in Section 6.5. The bottom width of the main channel was
used as an input for each contraction scour equation; this parameter is inversely related to computed
scour depth. The bottom width of the main channel in the contracted section, less the pier widths, was
computed to be less for SRH-2D than the values manually computed from HEC-RAS for four of the five
bridge sites. The bottom widths for the HEC-RAS model were computed by subtracting the in-channel
pier widths from the difference in bank stations. The SRH-2D model computed the same variable
automatically (Lai, 2010). Discharge in the main channel was directly correlatedto contraction scour for
both equations. The flow depth prior to scour was inversely related to contraction scour for both
equations. Both discharge and depth prior to scour would generate greater contraction scour for HEC-
RAS, though the difference in contracted section width had a greater impact on overall results and caused
higher computed contraction scour in the main channel for SRH-2D. The L-0564 site was an outlier for
main channel contraction scour with greater scour depth for HEC-RAS since the main channel discharge

for HEC-RAS exceeded the value for SRH-2D by approximately 96% and flow depth prior to scour was less
for HEC-RASthan SRH-2D.

The abutment scour depths were computed using an amplification factor applied to a simplified
contractionscour estimate. The graphs did not reveal any pattern between model type and scour depths
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for the values shownin Figure 7-6 and Figure 7-7 (left overbank and left abutment scour depths) or Figure
7-8 and Figure 7-9 (right over bank and right abutment scour depths).
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Figure 7-6. Left overbank contractionscour depths.
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Figure 7-7. Leftabutment scour depths.
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Figure 7-9. Right abutment scour depths.

Numerous instances of zeroabutment scour were present inthe analysis and occurred either due
to the abutment not being inundated or the computed simplified contraction scour estimate, y., (used
just for abutment scour calculations) was smaller than the flow depth at the abutment prior to scour, yo.
There appeared to be no correlation between abutment and contraction scour in the overbanks. The
discontinuity of the data required analysis to be on a site-by-site basis, shownin Section 6.5, without any
general patterns presenting themselves across the overbank scour values. Computing abutment scour by
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applying an amplifier to the simplified contraction scour contributes more uncertainty regarding
relationships between flow hydraulics and abutment scour that differentiate the model types.

Considering the data from both right and left abutments, SRH-2D computed abutment scour
greaterthan HEC-RASfor 14 of 18 scour scenarios, or 78% of the time. This includes all cases for the three
smaller bridge sites (H-0024, L-0022, L-0564). The abutment type, dependent on the set-back ratio (SBR)
(Arneson et. al., 2012), determined how discharges were calculated for the ratio g,/q;. With 14 of the 18
abutment scour scenarios being with type A abutments, abutment scour was less for HEC-RAS than SRH-
2D. The hydraulic conditions for each of the type A scenarios returned a g,/q; ratioless for HEC-RAS than
SRH-2D 86% of the time. For the four scenarios where abutment scour was greater for HEC-RAS than SRH-
2D, the abutments were each type B and the unit discharge ratios were greater for HEC-RAS than SRH-2D.
It was concluded that HEC-RAS returns less scour for type A abutments and greater scour for type B
abutments than SRH-2D. The q,/q; ratiowas correlated to abutment scour depth, with smaller values for
HEC-RAS computing smaller abutment scour depth for SRH-2D, and vice versa.

HEC-18 recommended the use of 2-D modeling to determine velocity and unit discharge for
abutment scour calculations (Arneson et. al., 2012). It outlined the method for computing velocity and
unit discharge using 1-D modeling as well. While the unit discharges used from the 2-D model were
computed by the model, manual calculations were computed using flow data from HEC-RAS. The variation
in computation methods and flow characteristics returned an identifiable pattern in the results. The
specific methods for computing the unit discharges by SRH-2D in relation to abutment type were unclear
and could not qualitatively be compared to the 1-D modeling methods.

7.2 Total Scour Prismfor Each Bridge

For this study, total scouris comprised of the contraction scour and local scour at the piers and abutments.
The first scour component is a consequence of contraction as the flood waters enter the constricted area
under the bridge and is expressedas a uniform scour or lowering of the original grade. Abutment scour,
the second scour component, is computed by applying an amplification factor to a simplified contraction
scour estimate and occurs at the toe of the abutment not directly at the abutment bent. Computed
abutment scour depths are applied to the original abutment toe elevation and not the contraction scour
elevation. The third scour component is the local scour produced by the structural elements supporting
the intermediate bents or piers. This produces additional scour beyond the contraction scour, and it is
calculated at each pier. The resulting pier scour elevation is computed as the original bed elevation minus
the sum of the contraction scour and pier scour depths. These three scour components are combined to
produce the predicted total scour ground level under the bridge. When the piers or bents are close to
each other, the computed local scour holes may extend to also erode material at the adjacent pier/bent.

The scour analyses are conducted with the assumption that the bed material has uniform
properties in the lateral and vertical directions (properties based on analysis of surficial soil/sediment
samples). Thus, the scour prism is a simplified representation of the site conditions and does not
accurately reflect that the stratigraphy usually varies vertically and laterally. During a storm event, the
surficial material, which is typically the weakest, will erode first, which is a conservative approach.
Material generally gets denser with depth and hydrodynamic forces decrease as materialis eroded. Itis
alsoimportant to note that the scour prisms do not account for countermeasures. The three largest sites
(Dry Fork Creek L-0564, Gasconade River A-3760, and Missouri River L-0550) have countermeasures
installed. Countermeasures at the Dry Fork Creek (L-0564) were installed by maintenance and with no
apparent engineering design process documented.

For the Gasconade River (A-3760) and the Missouri River (L-0550) sites, the bridges are supported
on rock because the bedrock is within reach of the foundations (shallow or deep foundations). Since the
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scour is only calculated for one type of soil and cannot account for layered soil or rock, the analysis
requires truncating the predicted scour to the top of bedrock, which tends not to scour during a storm
event.

7.3 Potential Impact on Bridge Structures

Bridge scouring has been a well-known risk to bridge structures spanning over water with heavy flow
during storm events. Missouribridges are particularly vulnerable to this scour hazard given the numerous
rivers with varying flow levels and the wide variety of geomorphic conditions. The changing climate
conditions have resultedin more drastic changes in water flow during storm events and have resulted in
designing for much longer return periods, like a 500-yr or 1000-yr storm events.

The SRH-2D modeling can better capture the unique conditions of flow under a bridge considering the
overall terrain conditions in the floodplain. This more advanced modeling tool typically predicts worse
flow and scour conditions that impact the bridge’s stability. For all five sites analyzed in detail for this
study, the 2-D model and associated scour calculations predict significantly worse conditions of scour. In
some cases, the predicted conditions do call for a collapse or washout of the bridge structure, particularly
for small old bridges with poor foundation support conditions.
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8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Advancements in Terrain and Hydrologic Data Collection and Accessibility

Since the WSPRO studies were conducted approximately twenty years ago, several advancements have
been made in the collection and/or accessibility of terrain and hydrologic data. The WSPRO studies used
four cross sections to model each site. Publicly and freely available lidar data have become more prevalent
providing high-resolution terrain data to characterize topography and the use of real-time kinetic GPS
instruments facilitating georeferenced bathymetric surveys are more common. These advancements
enable the development of comprehensive terrain surfaces (topography and bathymetry) which can
provide adequate resolutionfor both 1-D and 2-D models. Further, the USGS Streamstats portal provides
a convenient method to estimate flow rates for a variety of return periods. The analysis inherent to
Streamstats includes watershed delineation and application of regional regression equations.

8.2 Soil/Sediment Sampling and Analyses at Bridge Sites

Several soil sampling methods are available to engineers and a variety of them were attempted during
the project. Toexamine the soil stratigraphy variability along the bridge alignment, one needs to consider
vertical and horizontal sampling.

In the vertical subsurface direction, there are shallow (or near-surface) methods and deep
methods requiring mechanical drill or penetration. For this project, shallow or near-surface methods were
used since the deep subsurface investigations were done by MoDOT for the original bridge design. Also,
as the depth increases the soil tends to be more competent and one may alsoreach bedrock. The depth
of sampling shall not exceedthree to five feet, and in most cases, three feet would suffice.

Inthe horizontal direction, the focus was to conduct sampling at the upstream of each bridge bent
including the abutments. At times, when the conditions changed drastically, an intermediate sampling
was conducted between bents or along the abutment.

It is recommended that samples be collected upstream of each bridge pier or abutment. The
preferred and recommended shallow methods used in this study were all hand explorations and they
consisted of the following:

e Ondry land: Hand augerto a depth of about three to five feet and shovel, as necessary.
e Over water: FISP Samplers (BM 30, 54, 60) as shown in Figure 4-3, and Bonar sampler. The
maximum depth is about four inches from the mudline.

Depending on the anticipated sediment or bedload material, the size of the sampler is important in
overwater conditions. For example, the FISP samplers were just too small to sample the gravel at the
bottom of the A-3760 Bridge over the Gasconade. So, whenthe FISP sampler failed, the sampling location
was moved tothe closest shallow water using a shovel.

8.3 Comparison of Hydraulic Modeling and Scour Results

The following conclusions were made by comparing 1-D and 2-D modeling and associated computed scour
depths:

e The use of 1-D hydraulic models such as HEC-RAS for scour studies is not recommended, as many
sources of error combine to produce estimated scour depths inconsistent with SRH-2D estimates.

e 1-D hydraulic modeling near bridge sites is tedious and subjective, and provides many
opportunities for error, most notably defining cross-sections and interpreting hydraulic results
required as input parameters for scour calculations.
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e Pier scour computations were dominated by the flow angle of attack, whichis an input parameter
for pier scour that is automatically populated in the Hydraulic Toolbox software from SRH-2D
results. HEC-RAS lacks the ability to compute flow angle of attack and computed pier scour depths
on average 24.2% less than SRH-2D.

o HEC-RASoverestimated thalweg flow velocity and discharge inthe main channel by 34% and 39%,
respectively, on average across the five bridge sites. This was primarily due to the difference in
flow conveyance at overtopped roadways. HEC-RAS failed to account for the 2-D flow momentum
and concentrated nearly all flow in the main channels.

e Manual computations of channel widths in the bridge section for HEC-RAS models varied from
those automatically computed by the 2-D model. The greater widths for the 1-D models are
relatedto less contraction scour in the main channel.

e The manual computations of unit discharges associated with abutment scour depth for the HEC-
RAS models consistently underestimated scour for type A abutments and overestimated scour for
type B abutments.

e Even for straight uniform channels with no flow overtopping a road embankment, 1-D and 2-D
models would not be expected to compute similar hydraulic conditions due to the differences in
how input parameters are determined. The angle of attack for piers near abutments would still
be significant for a 2-D model with a straight channel.

e For all bridge sites evaluated, estimates for at least one of the main scour categories (i.e., channel
contraction scour, average pier scour, or average abutment scour) were more than 50% different
between the HEC-RAS 1-D and SRH-2D results. Thus, all sites were significantly affected by the
hydraulic modeling method.

e Based on the above findings, reanalyzing high-risk and/or visibly vulnerable bridges throughout
the State’s highway networkis recommended.

8.4 Scour around Piers and Foundations

It is evident from previous documented experience and the results in this study, that scour conditions
around piers and foundations are intensified at these structural components supporting the bridges. This
loss of ground compromises the axial and lateral capacity of the deep foundations, particularly for friction
piles. Two of the bridges (A-3760 and L-0550) were supported as end bearing piles into bedrock, which
was at arelatively shallow depth. Bothdriven and drilled shafts were used for these major bridges, which
are the prevalent foundations used by MoDOT. None of the bridges examined during this study were
supported on shallow foundations. However, numerous water crossings on roadways consist of box
culverts supported with shallow foundations. Only one bridge had some piers supported on shallow
foundations directly on sound rock, which is not anticipatedto scour.

The construction records of the foundations were not available for this study but are typically
required documentation during construction. Therefore, it is important to retainthese records with the
as-built plans/archives, sothat this critical information is available when scour assessments are conducted
during the design-life of the bridge.

8.5 Recommendations for Future Research

e Theintensity of storms has increasedin recent years due toclimate change. Several agencies are
considering increasing the design storm to 1000-yr return periods. This would not only impact
bridge scour, but the design of other structural components. It is recommended to evaluate the
consequences of future climate intense changes (1000-yr storms).

e A time-consuming and laborious portion of the analysis is the preparation of data. Particularly
defining the ground surface terrain model (above and below water bodies) using different data
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sources. Some of these data sources are: airborne Lidar, traditional survey, and bathymetric
(ADCP, single-beam, and multi-beam). It is recommended that automated stitching procedures
areinvestigatedto merge the different terrain data sources with resolutions.

e Currently, the available scour models consider one soil type during the scour calculations. The
subsurface conditions are typically layeredin riverine basins. Therefore, it would be pertinent to
investigate methods to incorporate this layered stratigraphy intothe predictive scour models.

e Most large bridges crossing rivers with significant flow have some type of countermeasurein the
way of riprapor large rock protection to dissipate some of the energy and prevent scouring. There
is no current approach to consider these countermeasures in the available scour models.
Therefore, it is recommended to develop an approach to consider these countermeasures inthe
scour analysis.

e Pronounced scouring around piers and abutments exposes the foundation elements and may lose
ground support. The result is loss of axial and lateral foundation capacity during storm events.
Eventhough these conditions may be temporary, insome cases they may be critical to the stability
of the bridge structure. It is recommended to investigate the loss of capacityand the reduction
in the factor of safety or resistance factors in these short-term conditions.

e Some of the findings in this study using 2-D models resultedin significant flow extending beyond
the bridge structure in the floodplain embankments. This study did not address the overtopping
or overflow scour over embankments, which can produce erosion of this earthenstructure. Itis
recommended to investigate the consequences of erosion of roadway embankments that may
experience overtopping flow conditions.

e Box culverts and large conduits under roadway embankments are important infrastructure for
DOTs, but are sometimes not classified as bridges. Some of these structures may be significant
and unique, in that they have flow patterns (pressurized) during storm events different than
common bridges. Additionally, they are typically supported by shallow foundation soils, making
them prone to being washed out or undermined. It is recommended to investigate the scour
mechanisms that these unique culvert structures would experience during storm events and how
hydraulic model inputs from 2-D versus 1-D models would affect scour calculations.
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