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ABSTRACT

The SRICOS (Scour Rates In COhesive Soils) method had been proposed as an alternative design
methodology for predicting scour at bridges founded in cohesive soils. As the new method can produce
substantial savings in bridge construction costs at cohesive soil sites, it is important that South Dakota
Department of Transportation (SDDOT) evaluates the method carefully for use in bridge design. This
research project compared the predictions of the SRICOS method for pier scour with measured scour at
three bridge sites in South Dakota and examined the technical issues involved in using the method.

The research began with an assessment of the SRICOS method and a survey of current practice in
evaluating bridges for scour used by other State DOTSs. Three bridge sites in South Dakota were selected
to evaluate the method for pier scour. Subsurface exploration, laboratory testing, hydraulic modeling, and
hydrologic analysis were performed for each site to generate the inputs for computing scour using the
SRICOS method. The computed scour depths were compared to the measured scour obtained by the
United States Geological Survey (USGS) in 1991-1993 when a number of large floods occurred at the
study sites. To provide a scale for the comparison, a sensitivity analysis was performed for each site to
determine the sensitivity in the computed scour depth to the input parameters. The site-specific sensitivity
analyses were complemented by a non site-specific sensitivity analysis to identify and rank the critical
input parameters. A method to use the SRICOS method to predict bridge scour in watersheds where
streamflow records are not available was proposed.

This report recommends that SDDOT: (1) use the SRICOS method as a supporting tool in evaluating
bridges for scour, (2) continue to monitor current and future research to observe new improvements, (3)
conduct workshops to train design engineers in using the method; (4) acquire testing equipment to
measure soil erodibility; (5) establish a procedure for collecting scour data immediately after major floods
to verify future improvements; and (6) conduct research to improve predictions of hydraulics of bridge
waterways and the effect of large floods on time rate of scour.
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EXECUTIVE SUMMARY

Introduction

The SRICQOS (Scour Rates In COhesive Soils) method was developed by researchers at Texas A&M
University to predict bridge scour in cohesive soils (silts and clays). The method involves collecting soil
samples at the bridge site and testing them in a laboratory apparatus to obtain an empirical relationship
between the rate of soil erosion and applied bed shear stress. The measured erodibility function is used to
predict the initial rate of scour. A scour-depth-versus-time curve is constructed by using a two-parameter
hyperbola; the two parameters are the initial rate of scour and the equilibrium scour depth. The latter is
calculated using empirical equations developed from flume tests. The scour depth is found by reading the
scour-depth-versus-time curve at a time corresponding to the duration of the flood.

This research project evaluated the SRICOS method by comparing its predictions with measured scour at
three bridge sites in South Dakota. Current methods for predicting bridge scour were developed for non-
cohesive soils (sands and gravels) and predict the maximum or equilibrium scour depth at a bridge site
produced by a single design flood. The new method is expected to predict scour depths less than the
maximum predicted by existing methods because cohesive soils scour more slowly than non-cohesive
soils and the duration of flooding events in many South Dakota streams is not of sufficient length to
establish equilibrium conditions. However, predictions from the SRICOS method have not been
compared extensively with measured scour in the field for verification of accuracy. Furthermore, the
method requires a hydrograph as one of the inputs, which may not be available for small watersheds and
un-gauged streams. These and other technical issues must be addressed before the new method can be
adopted for designing bridge foundations to account for scour in cohesive soils.

Objectives and Scope of Research Project

This research project had three primary objectives. The first objective was to evaluate the SRICOS
method for predicting scour at bridge sites in South Dakota. Three field study sites with scour data and
flow measurements were selected for detailed evaluation. Second, it was unclear how sensitive the scour
predictions from the SRICOS method were to the inputs. Therefore, the research team had conducted both
site-specific and non site-specific sensitivity analyses to determine the critical input parameters to the
SRICOS method. Third, modifications are needed to make the SRICOS method more efficient to use in
design for small watersheds, where streamflow records are often lacking. This research project also
examined the technical issues involved in using the SRICOS method and identified the technical support,
resources and future research that are needed to successfully implement the method.

Contributions/Potential Applications of Research

At bridge sites with highly scour resistant cohesive soils, it is expected that the predicted scour depth
from the SRICOS method would be substantially less than the maximum or equilibrium scour depth
predicted by current methods which were developed for non-cohesive soils. This means that footing and
pile depths will not need to be as deep as is currently designed. Consequently, substantial savings in
bridge construction costs may result and this can be measured by dollars saved in highway projects.
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The Approach

A comprehensive review of the SRICOS method was completed. A list of specific questions on bridge
scour was developed to form a questionnaire for the project. Eleven State DOTs were contacted through
telephone and asked the questions on the questionnaire. The survey gave the research team an
understanding of the current practice used by design engineers in evaluating bridges for scour.

Archival data and engineering documents on 12 bridge sites in South Dakota were obtained from South
Dakota Department of Transportation (SDDOT) and United States Geological Survey (USGS) and
carefully studied to select three bridge sites for evaluating the SRICOS method. The research team visited
six of the bridge sites that met the minimum selection criteria. The Big Sioux River Bridge near
Flandreau on SD Highway No. 13, the Split Rock Creek bridges near Brandon on Interstate 90 eastbound
and westbound, and the White River Bridge near Presho on US Highway No. 183 were proposed and
approved by the SDDOT for use in evaluating the SRICOS method. The period of evaluation was 1991 to
1993 when flow and scour measurements were collected by the USGS at the bridge sites during several
flooding events.

Subsurface explorations were conducted at the three study sites. At each site, drilling was conducted at
one or more locations in the bridge abutments on opposite sides of the channel. Continuous sampling with
Standard Penetration Test (SPT) was performed from the ground elevation to the foundation elevation to
delineate the soil stratigraphy at the bridge site. Thin wall (Shelby) tube samples were collected at
selected depths from each boring. The soil samples were tested in the Geotechnical Laboratory at South
Dakota State University (SDSU) to determine the basic index and geotechnical engineering properties of
the site soils. The research team also travelled to St. Paul, Minnesota to conduct EFA (Erosion Function
Apparatus) testing at the Minnesota Department of Transportation (MNDOT) Materials Laboratory.
Additional EFA testing was conducted by researchers at Texas A&M University (TAMU) to verify the
results of EFA tests conducted by SDSU. The additional testing was done for quality control.

Numerical modeling was conducted using the one-dimensional River Analysis System (HEC-RAS) to
compute the flow conditions at the study sites in 1991 to 1993, using either recorded or estimated
hydrographs. Flow data from stream gauging performed by the USGS were used to calibrate the
numerical models to ensure reliable results. Rating curves were generated from numerical simulations
and used with recorded or estimated hydrographs to compute the water surface elevation and approach
flow velocity at each site to provide the hydraulic inputs to the SRICOS method.

The SRICOS method was programmed in the FORTRAN environment and simulations were conducted
for a total of five bridge piers from the three study sites. The results were compared with the measured
scour in 1991 to 1993 to evaluate the method. A sensitivity analysis was conducted for each site to
determine the sensitivity in the computed scour depths due to variations in the inputs in order to provide a
scale for comparing the computed and measured scour. In addition, a non site-specific sensitivity analysis
was performed to assess the effects of change in the individual model input parameters in the SRICOS
method on the model predictions. The input parameters were ranked on the basis of their influence on the
output and the critical input parameters were identified.

A literature review on techniques for constructing synthetic hydrographs for gauged and un-gauged
watersheds was conducted. SRICOS simulations were performed to study the effect of temporal structure
of hydrograph on time rate of scour. A procedure for using the SRICOS method to predict bridge scour at
un-gauged sites was proposed. In this method, a continuous hydrograph is replaced by a series of
maximum annual floods generated through a flood frequency analysis. Hydrographs for the individual
floods can be constructed using methods developed for rainfall-runoff analysis. The level of detail in the
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analysis may depend on the hydrologic data and resources available. The procedure was illustrated using
the Split Rock Creek bridges as an example.

Findings and Recommendations

The SRICOS method uses site-specific testing of soil erosion rates to predict bridge scour depth as a
function of time. This approach represents a significant advance over existing methods which only
predict the maximum or equilibrium scour depth, and which do not account for the erodibility of the site
soils. The SRICOS method is not currently used by State DOTSs to evaluate bridges for scour. There are
several reasons for this. First, there are concerns about the reliability of the method; the method has only
been tested for a few bridge sites in the United States. Second, the new method requires additional
equipment for measuring soil erosion rates that is not available to most DOTs. Third, the SRICOS
method requires more expertise in geotechnical, hydraulic, and hydrologic analyses than the current
methods. Therefore, additional training of personnel is required. Finally, the cost, time, and amount of
input data increase significantly with the new method. Each of these issues is addressed below.

The research team found that, at all three study sites, the SRICOS method was able to predict pier scour
that was comparable to the observed scour by using reasonable values for the input parameters. However,
the predicted scour depth was very sensitive to the critical shear stress, slope of the erosion rate versus
shear stress curve, approach flow velocity, and flow angle of attack (for long piers). In addition, as is
expected with any bridge site, there was large variation in the subsurface lithology due to the depositional
environment. Hence, careful delineation of the soil stratigraphy at the bridge site and improving the
accuracy of EFA testing and bridge hydraulics analysis will be critical when using the new method. This
report recommends that SDDOT uses the SRICOS method initially as a supporting tool in evaluating
bridges for scour. As SDDOT personnel become more familiar with the new method, there would be
confidence in using the method in design. Guidelines were proposed in using the SRICOS method given
knowledge of its current limitations.

The research team found that there was high uncertainty in the measured erosion rate versus shear stress
curve obtained by using a commercial erosion function apparatus. With the current design, the applied
bed shear stress cannot be estimated reliably, leading to large uncertainties in the critical shear stress and
slope of the erosion function. The causes of the problem are relatively well understood, and techniques
had been developed by researchers to improve the accuracy of soil erosion measurements. In order to use
the SRICOS method, it is necessary to determine the erodibility of the site soils. This report recommends
that SDDOT works with SDSU to use an existing open-channel flume to measure soil erosion rates. In
addition to bridge scour, information on soil erodibility should also be useful in other projects such as
assessing channel stability and bank erosion.

This report recommends that SDDOT works with SDSU to conduct some workshops to train SDDOT
personnel and its consultants on the use of the SRICOS method. These workshops should cover all the
important elements of the method including subsurface exploration, laboratory testing, hydraulic and
hydrologic analysis, and computing the scour-depth-versus-time curve. New workshops can be organized
when future improvements to the method are available. The report also recommends that SDDOT
becomes an active partner with the FHWA and other State DOTS in developing the SRICOS method.
This will include supporting and engaging in research to improve the method, training and continuing
education of personnel through workshops and seminars, acquiring the resources needed to implement the
method, and promoting the use of the method in evaluating bridges for scour.
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This report lists three areas of research which SDDOT should pursue, in the near future, to make the
SRICOS method more reliable and more efficient to use. They are: (1) establishing an organizational
structure to collect scour data and assess scour damages after major floods to verify the SRICOS method
against additional case studies; (2) improving the predictions of hydraulics of bridge waterways to
minimize the uncertainties in the hydraulic inputs; (3) understanding the effects of temporal structure of
hydrograph and soil types on time rate of scour to develop easier methods for generating synthetic
hydrographs for small watersheds and un-gauged sites where streamflow records are lacking.
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1. INTRODUCTION

1.1 Problem Description

Scour is the erosive action of water which excavates soils from stream beds and banks. The types of scour
that can occur at a bridge site are general scour, contraction scour, and local scour. General scour is
associated with natural processes of river flow irrespective of the presence of the bridge, whereas
contraction scour and local scour are directly attributed to the presence of the bridge. Contraction scour
results from river channel blockage at the bridge site, and is characterized by a general lowering in the
local bed elevation. Local scour is caused by the three-dimensional turbulent flow around the bridge
structure, and is characterized by the formation of scour holes around the bridge foundation. This
research project is concerned only with local scour around bridge piers.

The current procedure used by South Dakota Department of Transportation (SDDOT) for estimating
scour at bridges is given in the United States Federal Highway Administration (FHWA) document,
“Evaluating Scour at Bridges,” Hydraulics Engineering Circular No.18 (HEC-18; Richardson and Davis
2001). The scour prediction equations in HEC-18 were developed for non-cohesive soils (sands and
gravels) and predict the maximum or equilibrium scour at the bridge site based on a single flooding event.
However, many bridges in South Dakota are founded on cohesive soils consisting of silts and clays
(Niehus 1996). Since silts and clays scour more slowly than sands and gravels, using the scour equations
in HEC-18 may overpredict the extent of scour. This may result in overdesign of new bridge foundations
or installation of unnecessary scour countermeasures at existing bridges. With reliable methods for
predicting scour in cohesive soils, SDDOT could potentially save substantial dollars in construction costs
for bridges built over waterways.

Using the results of flume tests and numerical modeling, the SRICOS method was developed by
researchers from Texas A&M University (TAMU) to predict the rate of scour as well as the maximum
scour depth at bridges. The advantage of the SRICOS method over the HEC-18 equations is its ability to
predict the rate of scour while taking into account the measured erosion rates of the site soils. The
SRICOS method is applicable to cohesive soils as well as non-cohesive soils, and it can be adapted to
predict scour associated with a hydrograph. Thus, the new technique has the potential to result in
substantial saving in construction costs if the expected scour over the lifetime of the bridge is
considerably less than the equilibrium scour. The primary limitation of the method at this time is the
limited extent of verification in the field. The SRICOS method had only been tested for local and
contraction scour at a small number of bridge sites in the United States (e.g., Briaud et al. 2001b, Curry et
al. 2003, and Ghelardi 2004). To apply the method in SDDOT design, there is a critical need to verify the
method with specific sites and soils in South Dakota. There are also practical issues associated with using
the method. One of the inputs of the SRICOS method is the discharge versus time curve or hydrograph at
the bridge site. However, detailed streamflow data are often lacking in small watersheds. Hence,
guidelines need to be developed on use of the method for small watersheds and un-gauged streams.



1.2 Objectives
The objectives of this research project were to:

1.  Determine if the scour predictions from the method are comparable with existing scour data in
cohesive soils in South Dakota.

This objective was accomplished by working with SDDOT and the South Dakota District of the United
State Geological Survey (USGS) to select three bridge sites in South Dakota for evaluation of the
SRICOS method. A comprehensive review of the SRICOS method was completed. Existing bridge scour
records were searched and site visits were conducted to select three bridge sites that met the requirements
necessary for evaluating the method. The Big Sioux River Bridge near Flandreau on Highway No. 13, the
Split Rock Creek bridges near Brandon on Interstate 90 eastbound and westbound, and the White River
Bridge near Presho on US Highway No. 183 were selected for study. Drilling and sampling were
conducted at each bridge site to collect split-barrel and thin wall tube samples for erosion rate testing and
soil analysis as well as for delineating the existing soil conditions at each site. Flow discharge data were
either obtained from the USGS website if a streamflow gauging station existed at or near the bridge site,
or estimated by hydrologic simulation and streamflow synthesis if no records were available. The flow
discharge data and surveyed channel cross sections were entered into the Hydrologic Engineering Centers
River Analysis System (HEC-RAS) to compute the water surface elevations and approach flow velocities
at the bridge sites. The results of erosion rate tests and HEC-RAS analyses were entered into the SRICOS
program to compute the scour-depth-versus-time curves at a total of five bridge piers from the three study
sites. The predicted final scour depths were compared to the observed scour depths to evaluate the
SRICOS method. A sensitivity analysis was performed to provide a scale for the comparison.

2. Conduct a sensitivity analysis of the SRICOS program and identify the critical input parameters.

In addition to the site-specific sensitivity analyses, a non site-specific sensitivity analysis of the SRICOS
method was performed for pier scour. The non site-specific analysis was focused towards model
sensitivity. Computer programs were developed using MATLAB codes for batch processing of the
method. The sources of uncertainty were identified. Numerical testing was conducted to quantify the
effects of uncertainty in the input parameters on the predicted final scour depth and to rank the critical
input parameters. Recommendations were developed on how to reduce uncertainties in scour prediction.

3. Provide guidelines on use of SRICOS method for small watersheds and un-gauged streams.

One of the inputs of the SRICOS method is the discharge versus time curve or hydrograph. Techniques
for generating future hydrographs were reviewed. Using streamflow records for the Big Sioux River and
Split Rock Creek sites, the effects of flood distribution on the predicted scour history and final scour
depth were investigated. The analysis indicated that only a small number of floods in the hydrograph
produced scour. A method for predicting final scour depth at un-gauged sites was proposed. A
continuous hydrograph is replaced by a series of maximum annual floods generated from an underlying
probability distribution. Peak flows for selected recurrence intervals are estimated from regional
regression equations, and used to determine the parameters of the probability distribution of the annual
maxima through a flood frequency analysis. Flow duration is then estimated from peak flow and rainfall
excess. A set of equally probable future hydrographs is generated and entered into the SRICOS program
to predict the distribution of final scour depth. The results are used to determine the risk level associated
with a given design scour depth. The method is illustrated for the Split Rock Creek bridges based on a
project life of 100 years.



1.3 Scope

The research project included the following major tasks:

1.3.1 Literature Survey

A general literature review on bridge scour in cohesive soils and flood-frequency predictions for small
watersheds and un-gauged streams was completed. A list of specific questions was developed to form a
guestionnaire for the project. Five neighboring state DOTs (Minnesota, Montana, Nebraska, North
Dakota, and Wyoming) and six other state DOTs (Alabama, California, Illinois, lowa, Maryland, and
Texas) were contacted via telephone and asked the questions on the questionnaire. A comprehensive
review of the SRICOS method is presented in Section 2. The questionnaire and a summary of the
telephone survey are presented in Section 3.

1.3.2 Site Selection

The final report of a prior research project on scour assessments for selected bridge sites in South Dakota
(Niehus 1996) was reviewed. A preliminary evaluation was conducted on 12 bridge sites based on the
information provided in this report. Six of the bridge sites met the minimum selection criteria. Individual
reports for these six sites and other pertinent information, including bridge plans, borehole data, and
available flow and scour measurements, were obtained from the SDDOT office in Pierre and the USGS
district office in Huron for detailed study. Site visits were conducted to become familiar with each site
and to depict site conditions (e.g., apparent flow directions and concentrations, geomorphic
characteristics, access to drilling) important to the project. The Big Sioux River Bridge near Flandreau on
Highway No. 13, the Split Rock Creek bridges near Brandon on Interstate 90 eastbound and westbound,
and the White River Bridge near Presho on U.S. Highway No. 183 were proposed and approved by
SDDOT for use in evaluating the SRICOS method. The period of evaluation was 1991 to 1993. A
summary of the site evaluation is presented in Section 4.

1.3.3 Subsurface Exploration

Subsurface explorations were conducted in June and July of 2007, respectively, for the Big Sioux River
Bridge and Split Rock Creek Bridge sites, and in October for the White River Bridge site. At each site,
drilling was conducted at one or more locations on the bridge abutment on opposite sides of the channel
as close as practically possible to the bridge pier(s) to be evaluated. Sampling with Standard Penetration
Test was performed from the ground elevation to the foundation elevation. Thin wall tube samples were
collected at selected depths from each drill hole. The drilling and sampling was performed by a drilling
company. The researchers logged the drill holes and took possession of the soil samples for soil analysis
and soil erosion rate testing. SDDOT provided traffic control during drilling. A laboratory testing
program was performed at South Dakota State University (SDSU) to evaluate the basic index and
geotechnical engineering properties of the site soils. Both disturbed and relatively undisturbed samples
were tested. The tests performed included soil classification, water content determinations, Atterberg
limits (AL), grain size analysis (GS), and 200-wash. The geotechnical data and the results of standard
soil tests are presented in Section 5.

1.3.4 Erosion Function Apparatus (EFA) Testing
Soil erosion rate testing was conducted at the Minnesota Department of Department Materials Laboratory

in St. Paul. Three thin wall tube samples from the Big Sioux River Bridge, five samples from the Split
Rock Creek bridges, and four samples from the White River Bridge were tested in an Erosion Function



Apparatus (EFA) to obtain the erosion rate versus shear stress curves. Two additional thin wall tube soil
samples from duplicate soil locations collected from the White River Bridge were sent to Texas A&M
University for EFA testing to assess the repeatability of the EFA tests conducted by SDSU researchers.
The results of EFA tests are presented in Section 6.

1.3.5 Hydraulic Analysis

Hydraulic analyses were conducted for the study sites using HEC-RAS. The computed results were
compared with field measurements obtained by USGS in 1991 to 1993 to calibrate the computer models.
The water surface elevations and approach flow velocities at each bridge site were computed for a range
of flow discharges to generate the rating curves. Both hourly and daily mean flow data were available at
the Big Sioux River site. Only daily mean flow data were available at the White River site. The
continuous discharge record was not available at the Split Rock Creek site in 1991 to 1993. Two different
methods were used to hindcast the hydrograph at the Split Rock Creek site for a major flooding event in
May 1993. The first method used the recorded hydrograph from the Skunk Creek gauging station near
Sioux Falls, which had similar hydrologic characteristics as the Split Rock Creek site. After removing the
base flow, the hourly mean flow data from the Skunk Creek site were scaled up so that the peak flow
matched the measured peak flow from crest-stage partial records at the Split Rock Creek site. The second
method used the Soil Conservation Service (SCS) Dimensionless Unit Hydrograph to construct a
synthetic hydrograph for the Split Rock Creek site. The hydrologic and hydraulic analyses for the Big
Sioux River Bridge, Split Rock Creek bridges, and White River Bridge are presented in Sections 7, 8, and
9, respectively.

1.3.6 Scour Analysis

The SRICOS methodology was programmed in the FORTRAN environment based on the scour equations
documented in NCHRP Report 516 (Briaud et al. 2004a). Trial runs were conducted and checked against
the results obtained using the SRICOS program downloaded from TAMU
(http://ceprofs.tamu.edu/briaud/ SRICOS-EFA.htm). SRICOS simulations were conducted on two bridge
piers at the Big Sioux River site, one pier at the Split Rock Creek site, and two piers at the White River
site. The simulations were conducted using our own FORTRAN codes because we implemented the
correction factors for flow depth, flow angle of attack, and pier spacing differently from the TAMU
program. This is discussed in Section 2. The predicted final scour depths were compared to the scour
depths measured by the USGS in 1992-1993. A sensitivity analysis was conducted for each site to
determine the variation in the scour depth predictions due to variation in the input parameters. The
results of SRICOS simulations for the three study sites are presented in Sections 7, 8, and 9, respectively.

1.3.7 Sensitivity Analysis

The SRICOS methodology was programmed in the MATLAB environment for batch processing of the
method for a non site-specific sensitivity analysis. Sensitivity analyses were conducted to assess the
effects of change in individual model input parameters on model predictions. This was done by varying
one parameter at a time and recording the associated changes in model response. The input parameters
were ranked on the basis of their influence on or contribution to the variability in the model output and
the critical input parameters were identified and ranked. The analysis was conducted on pier scour only. It
was focused towards model sensitivity, therefore, the results were not site-specific. The results of non
site-specific sensitivity analysis are presented in Section 10.



1.3.8 Small Watersheds and Un-gauged Streams

Techniques for generating hydrographs for gauged and un-gauged watersheds were reviewed. A simple
method for using the SRICOS method to predict bridge scour in un-gauged streams was proposed. The
method was illustrated using the Split Rock Creek bridges as an example. Instead of generating a
continuous hydrograph for the design service life of a bridge, the simplified approach considers a series of
maximum annual floods. The values in an annual maximum series are independent and can be obtained
by random sampling from an underlying probability distribution. The parameters of the distribution are
determined through a flood frequency analysis of peak flows estimated by using the appropriate regional
regression equations. The flood duration is estimated from rainfall data and information on land cover.
The simplest model assumes a rectangular hydrograph for the annual floods, but more sophisticated
hydrographs may be used if the required data and resources are available. A set of equally probable
future hydrographs is generated and entered into the SRICOS program to predict the distribution of final
scour depth. The latter is used to determine the risk level associated with a given design scour depth. The
literature survey and details of the proposed method are presented in Section 11.



2. REVIEW OF SRICOS METHOD

2.1 Background

The SRICOS method was originally developed for predicting local scour around single circular piers in
deep water for a constant flow velocity and a uniform soil (Briaud et al. 1999, 2001a; Ting et al. 2001).
The deep-water condition is realized when the water-depth-to-pier-diameter ratio exceeds 2.5; above
which the water depth has no effect on scour depth (Melville and Coleman 1999). The SRICOS method
was subsequently extended to include a random, velocity time history and a multilayer soil stratigraphy;
this method was called the Extended-SRICOS or E-SRICOS method (Briaud et al. 2001b). Field
verification of E-SRICOS had been conducted for eight sites in Texas (Briaud et al. 2001b). Under
NCHRP Project 24-15, additional development was completed for predicting scour at complex piers and
contraction scour in cohesive soils, and work was performed on scour risk analysis (Brandimarte et al.
2006, Briaud et al. 2007). The results of the completed NCHRP project were published in NCHRP
Report 516, Pier and Contraction Scour in Cohesive Soil (Briaud et al. 2004a). Additional publications
from this project can be found in Briaud et al. (2004b, 2005). In 2004, a project (NCHRP 24-15[2]) was
initiated to develop a methodology for the prediction of abutment scour in cohesive soils and incorporate
it into the SRICOS method. Currently, SRICOS does not predict abutment scour. Furthermore, the
SRICOS method for complex piers and contraction scour has not been extensively tested against field
measurements in cohesive soils.

In the basic SRICOS method, the scour depth versus time curve at a cylindrical pier is modeled by a two-
parameter hyperbola; the two parameters are the maximum scour depth and initial rate of scour. The
maximum scour depth is obtained from regression equation developed from flume tests in clay soils,
primary porcelain. The initial rate of scour is obtained from a measured erosion rate versus shear stress
curve and the calculated maximum initial bed shear stress around the pier before scour starts. To construct
the erosion rate versus shear stress curve, thin wall tube soil samples are collected from the bridge site
and tested in an EFA for a range of flow velocities (Figure 2.1). The maximum initial bed shear stress
around the pier is calculated by using regression equation developed from numerical simulations. The
initial rate of scour is then obtained from the measured erosion rate versus bed shear stress curve (Figure
2.2) together with the calculated maximum initial bed shear stress around the pier. Reading the scour
depth versus time curve at a time corresponding to the duration of the flood then gives the expected scour
that would develop around the pier. Correction factors are applied to account for shallow water depth,
pier spacing, pier shape, and flow angle of attack effects (Briaud et al. 2004a, b). Contraction scour is
computed using the same approach, but with a different set of regression equations for the maximum
scour depth and initial bed shear stress (Briaud et. al. 2004a, 2005).

2.2 Erosion Function Apparatus

Briaud et al. (2001a) developed the EFA to measure the rate of soil erosion as a function of applied shear
stress. The apparatus consists of a rectangular water tunnel, 101.6 mm wide, 50.8 mm high, and 1.25 m
long mounted on a hydraulic bench (Figure 2.1, top plot). A pump draws water from a tank underneath
the hydraulic bench. The flow rate is regulated using a hand valve, and measured by a flow meter. The
range of flow velocity that can be reached is between 0.1 and 6.0 m/s. A thin wall tube is mounted
perpendicular to the flow such that the open end of the tube is flush with the floor of the water tunnel. An
electric motor and piston push the soil out of the tube 1 mm into the flow (Figure 2.1, bottom plot). The
amount of time it takes to erode the 1 mm protrusion is measured and used to determine the erosion rate.
The measured erosion rate is correlated to the applied bed shear stress, which is calculated as t = 1/8 fp\V?,
where f is the friction factor, pis the fluid density, and V is the flow velocity (discharge/cross sectional
area). The friction factor is obtained either from the Moody diagram or the Colebrook equation (Munson
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et al. 2009) with a roughness height of Dsy/2, where Ds, is the median grain diameter of the soil.
Alternatively, the operator may assess the surface texture of the soil sample and estimate the bed
roughness. When 1 mm of soil is eroded or after 1 hour of flow, whichever comes first, the flow velocity
is increased and the soil is again pushed 1 mm into the flow. This process is repeated a number of times
with different flow velocities to establish the erosion rate versus shear stress curve (Figure 2.2).

Figure 2.1 Erosion Function Apparatus. Top plot—water tunnel and observation window; a thin wall
tube is mounted perpendicular to the water tunnel. Bottom plot-stepping motor and piston
assembly.

Many researchers have commented on the advantages and disadvantages of the EFA (e.g., Trammell
2004, Annandale 2006). The main advantage of the EFA is that soil samples collected from specified
depths can be tested in the EFA at prototype shear stresses relatively “undisturbed.” There are three
major sources of uncertainties associated with an EFA test. First, the operator monitors the erosion by
eyes and determines when to advance the soil protrusion by 1 mm. This decision is subjective because
the soil protrusion is often eroded non-uniformly. Briaud et al. (2001a) estimated that this uncertainty
was about 10%. Second, the protrusion could cause the soil to erode at a faster rate, which would lead to
an overestimation of the soil erodibility. Third, the applied shear stress calculated based on the Moody
diagram is for pipe flows and may not correctly represent the fluid forces exerted on the soil protrusion.



In the EFA tests, the measured erosion rate is functionally related to the applied shear stress. The resulting
erosion rate versus shear stress curve can be readily incorporated into the SRICOS model for scour
prediction. Note that using the shear stress as the independent variable does not imply that the scour
process is a shear process. As discussed in Annandale (2006), soil erosion rates can be related to any
characteristic flow parameter (e.g., bed shear stress, stream power) that correctly indicates the erosive
capacity of the flowing water. The important question here is whether the shear stress calculated by using
the Moody diagram is representative of the erosive capacity of the water acting on the soil sample. This
question is addressed in Section 6 when we discuss the results of the EFA tests. For example, Annandale
(2006) has suggested using pressure measurements obtained upstream and downstream of the test section
to determine the average shear stress over the soil protrusion.

160

140t o/ @

.'J

120}
£ o o
£ 100}
£
= ¢ e=0
5 80 ——dz/dt=-168.75+23.45¢
5 | O g=1mm
g 80r , dz/dt=-139.23+7.49:
0 @ O &=2mm

401 dz/dt=-138.87+5.74+

+ =3 mm
201 —dz/dt=-138.75+4.821

A

3 40 50 60 70
Shear Stress (N/m~)

Figure 2.2 Erosion rate versus shear stress curve for Big Sioux River Bridge; boring B-1 P-7, depth
19.5 to 21.5 ft., very silty fine sand. The applied shear stress has been calculated using four
different values of bed roughness height (¢ =0, 1, 2. and 3 mm). Note that the critical shear
stress and slope of the erosion rate curve vary considerably with the roughness height
assumed.

2.3 SRICOS Model for Pier Scour — Maximum Scour Depth

The original SRICOS model was developed for local scour at a circular pier in a uniform soil layer under
a constant flow velocity. Because equilibrium scour was not reached in the flume tests, a hyperbolic
equation was used to extrapolate the measured scour depth versus time curve to the maximum
(equilibrium) scour depth. The extrapolated maximum depth of scour is given by (Briaud et al. 1999)

Z,.., (mm) = 0.18R**® (2.1)

where R=V;D/ v is the pier Reynolds number, V; is the approach flow velocity, D is the pier diameter, and
vis the kinematic viscosity of water. Of the 43 flume tests conducted, 30 were in porcelain, 4 in
armstone, 2 in bentonite, and 7 in sand. The pier Reynolds humber in the flume tests ranged from 5,100 to



84,840; the Froude number ranged from 0.12 to 0.42; and the water-depth-to-pier-diameter ratio ranged
from 1.43 to 16 (Ting et al. 2001).

Note that Equation (2.1) does not contain any soil parameters. It was found that the extrapolated
maximum scour depths from the experiments were about the same as the scour depths predicted by the
HEC-18 equation (Equation (2.2). Strictly speaking, Equation (2.1) is only applicable to the three types of
clays tested. A general equation for z.., would probably need to include a soil parameter (e.g., critical
shear stress) to account for the erosion resistance of different soil types. However, such an equation
would need to be used with extreme caution. In practice, Equation (2.1) should provide a conservative
estimate of the maximum scour depth for all cohesive soils.

For the experimental conditions used, viscous effects were found to be important, and the relative scour
depth z,,5/D did not correlate well with the Froude number. Therefore, the extrapolated equilibrium
scour depth was correlated to the pier Reynolds number (see Ting et al. 2001). Note that using Equation
(2.1) on full-scale bridges would apply this equation beyond the range of Reynolds numbers for which the
equation was developed.

The parameterization in Equation (2.1) disagrees with current practice since the pier Reynolds number is
not considered important for local scour in sands and gravels at large Reynolds numbers (see, for
example, the HEC-18 equation). The HEC-18 equation is widely used for predicting pier scour in the
United States and can be written as (Richardson and Davis 2001)

0.35 V 0.43
Zmax y
2 = 2.0K; K, Ky K4(Blj (—1J 2.2)

Joy,

where y,/D is the relative water depth and Fr = V,/ vﬁyl is the Froude number, and K, K,, K; and K, are
correction factors for pier nose shape, flow angle of attack, bed condition, and armoring effect,
respectively (Richardson and Davis 2001). The HEC-18 equation was developed from flume tests in
sands. The pier Reynolds number values used were in the range of 10* to 10° (Shen et al. 1969). Hence,
scale effects may also be present in the HEC-18 equation but this fact is generally ignored.

It can be shown that Equation (2.1) is a special form of the HEC-18 equation. The latter can be rewritten
as

0.025
Z pax 65 = 0. y
WZZ.OKl'KZ'K3'K4'R065Fr 022|:Wj| (23)

1/3

For the flume tests in Ting et al. (2001), the value of (v*/g)"*was 4.67 x 10®, the value of Fr %%

ranged from 1.21 to 1.59, and the value of [y1 I(v? /g)”3]0'025 ranged from 1.23 to 1.25. Let
K;=K,=K,4=1 (circular pier with no bed armoring), K;=1.1 (clear-water scour), and taking the mean value

of Fr %% (= 1.43), we get, from Equation (2.3)
z,.=0.18R (2.4)

which is close to Equation (2.1). Hence, Equation (2.1) may be considered a subset of the HEC-18
equation. The HEC-18 equation could also be used to predict the extrapolated maximum scour depth in



the clay soils used in the experiments. This is consistent with the conclusion of the study that the
equilibrium scour depth in clays was about the same as in sands.

In Briaud et al. (2004a, b), correction factors were introduced in Equation (2.1) to account for shallow
water, pier spacing, pier shape, and flow angle of attack effects. The flume experiments used to develop
the correction factors were conducted with circular piers on porcelain clay. The correction factor for
shallow water effect, K, is given by

0.34
K, =0.85 % Y1 2162 and
D D
-1 %162 (2.5)
D

Briaud et al. (20044, b) found that water depth effect was not important when y,/D exceeded 1.62. In the
flume tests that were used to obtain K,, the relative water depth y,/D ranged from 0.092 to 2.5, and the
Froude number V;/Ngy; ranged from 0.12 to 0.60. Briaud et al. (2004a, b) found that Equation (2.5)
compared well with the correction factors recommended for non-cohesive soils by Melville and Coleman
(1999) and Johnson (1999).

A correction factor, K, was introduced to account for pier spacing effect

Wl
Ksp —m (26)

where W, is the width of the channel without the piers and W;-nD is the unobstructed width of the channel
with n piers of width D. Equation (2.6) was checked by four test runs with pier-spacing-to-pier-diameter
ratio S/D ranging from 1.88 to 4.69. These tests showed that there was less than 10% change in scour
depth between S/D = 3.11 and 4.69. Since most bridges have S/D values larger than these, pier spacing
effects would generally be small at most of the bridge sites encountered.

Pier shape effect is accounted for by the correction factor, Ky,. Briaud et al. (20044, b) had compared the
equilibrium scour depth for circular piers and rectangular piers in clay and found that pier shape effect
was similar to that given in the HEC-18 document for sands (e.g., K¢, = 1.1 for square nose). Thus, the
same correction factors for pier shape effect in the HEC-18 equation were recommended for pier scour in
clay soils, with the pier width B replacing the pier diameter D in the case of rectangular piers.

Finally, replacing the pier width B (= D for circular piers) in the above equations by the projected width
of the pier perpendicular to the flow B “accounts for the effect of flow angle of attack. That is,

B’=Lsin o+ Bcos « (2.7)

where L is the length of the pier and « is the angle between the approach flow direction and the long axis
of the pier (= 0 for circular pier).

Thus, the general equation for predicting the maximum scour depth at complex piers in clay is given in
Briaud (2004a, b) as
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\ 0.635

BV

Zne (MM)=0.18- K, - K, - Ky ( 1} (2.8)
14

Note that Equation (2.8) can also be written as

BV 0.635
Zne (MM)=0.18- K, - K, - K - Ka( lj (2.9)
v
where K, is the correction factor for flow angle of attack given by
0.635
K, :(%sinowcosaj (2.10)

Note that K, is similar to K, in the HEC-18 equation. Briaud et al. (2004b) recommended that B should
also be replaced by B” in the correction factors K, and Ks,. However, this would mean that shallow
water, pier spacing and flow angle of attack effects are no longer independent. Replacing B by B’in K,
and Kg, will decrease the value of K, and increase the value of Ks,. For long piers at large flow angle of
attack, the shallow water depth effect would usually dominate and the flow regime could change from
deep water to shallow water. The overall effect would be to decrease the predicted maximum scour
depth, perhaps significantly. Because of this, we have not adopted this recommendation when using the
SRICOS method. Instead, we have used the actual pier width B when computing the correction factors
Kw and K.

2.4 SRICOS Model for Pier Scour-Maximum Initial Bed Shear Stress

The results of numerical simulations were used to obtain the correction factors for the maximum initial
bed shear stress around the pier to account for shallow water depth, pier spacing, pier shape, and flow
angle of attack effects. The general equation for calculating the maximum initial bed shear stress around
a complex pier is given by (Briaud et al. 2004a, b)

2 1 1
Tmax — kW . ksp . ksh . ka X 0094,0V1 (—B\/lj —E (211)
log
1%
where
-4y
k,=1+16e B (2.12)
118
k, =1+5e ® (2.13)
ﬂ
Ky, =1.15+7e B (or 1 for circular shape) (2.14)
a 0.57
K, =1+1.5(—j (2.15)
90
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In the numerical simulations, circular piers were used to investigate shallow water and pier spacing
effects, while rectangular piers were used to investigate pier shape and flow angle of attack effects. The
flow and pier parameters used in the numerical simulations are as follows. For Equation (2.12), y,/D
ranged 0.22 to 2.0; Fr ranged from 0.13 to 0.39; and R = 81,900. For Equation (2.13), S/D ranged from
1.88t06; Fr=0.17; and R = 52,800. For Equation (2.14), L/B ranged from 1 to 12; Fr=0.17;and R =
20,130. For Equation (2.15), a ranged from 15 to 90 degrees; Fr = 0.17; and R = 20,130. The pier
Reynolds number is based on the pier diameter D for circular cylinders and pier width B for rectangular
piers. Note that in Equation (2.11), the correction factors are multiplied to give the combined effect, and
each effect is independent of the others.

2.5 SCOUR History

Equations (2.9) and (2.11) are readily adapted to predict the scour history produced by a hydrograph
(Briaud et al. 2001b, 2004a). In the SRICOS method, a hydrograph is represented by a sequence of
constant flow discharges, such as the hourly mean flow or daily mean flow. The hydrograph is first
converted into a velocity versus time curve by using a hydraulic model (e.g., HEC-RAS). Each time step
in the velocity versus time curve is treated as an independent flood event. A time step can be as small as
one hour (hourly mean flow), but is typically one day because normally only the daily mean flow is
available from the USGS National Water Information System (http://waterdata.usgs.gov/nwis/sw). The
velocity versus time curve is used with Equations (2.9) and (2.11) to calculate the maximum equilibrium
scour depth, Zmax, and the maximum initial bed shear stress, Tmax, at €ach time step. The latter is used with
the measured erosion rate versus shear stress curve to determine the maximum initial rate of scour, 7,
around the pier for that time step. The procedure of constructing a scour history is illustrated below using
a sequence of three floods with three different constant velocities.

Referring to Figure 2.3, flood 1 has a velocity of V, and duration of t;, flood 2 has a velocity of V, and
duration of t,, and flood 3 has a velocity of Vs and duration of t;. In this example, V; and V; are both
smaller than V, (small flood followed by big flood followed by small flood), but the same idea also
applies to other sequences of velocities. The method assumes that the scour depth versus time curve for
each flood follows a hyperbolic function. For flood 1, we have

(2.16)

Equation (2.16) gives the scour history from t=0 to t=t; created by flood 1. It is assumed that z=0 at t=0
(initial scour depth = 0). The scour depth at t=t; is z;, which would be the pre-existing scour depth for
flood 2. Scour depth would increase from z; to z, during flood 2 since z; is less than zy.x», the maximum
equilibrium scour depth for flood 2 (small flood followed by big flood). Since the scour history for each
flood is assumed to follow a hyperbolic function, z; and z, for flood 2 must satisfy the following
conditions (see Figure 2.3)
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where t* is the equivalent time for flood 2 to produce a scour depth equal to z; from zero. Solving
Equations (2.16) and (2.17) for t, we get

* t
t = 1 (2.19)

z , 1 1
.2+{122(_ j
Zl Zmaxl Zmaxz

Knowing t*, the scour depth at the end of flood 2 is found from Equation (2.18). This depth is the pre-
existing scour depth for flood 3.

Scour depth would increase from z,to zz during flood 3 as long as z; is less than zy,.s. Note that this
situation can occur even if V3 is smaller than V,. If z, > Z..4s, the scour depth versus time curve would
remain flat during flood 3 and z; would equal z,. The conditions for z, and z; to satisfy the hyperbolic
equation for flood 3 are (see Figure 2.3),

7, =—— 2.20
2= (2.20)
PP —
L3 Zpxs
t +1
Zy = ———— (2.21)
1 t +f
7+7
Z3 Zmax3

Solving Equation (2.20) for t**, we get

tto_— %2 (2.22)
z
p 2 [ —

3[ Zmax3J

Then, z; is found from Equation (2.21). It can be shown that Equation (2.22) becomes Equation (2.19) if
we replace t** by t*, z, by z;, Z;by 7, , and Zpmaxs bY Zmaxe. Therefore, Equation (2.22) is a general formula.

When the number of time steps is greater than 3, the procedure is repeated until the scour depths at the
end of all time steps have been computed. Equation (2.22) is used to compute the equivalent time t** in
all subsequent time steps with z, replaced by the pre-existing scour depth at the beginning of the time step

and Z;and zms replaced by the maximum initial rate of scour and maximum equilibrium scour depth for
that time step.

In Briaud et al. (2001b, 2004a), a procedure was also developed to predict the scour history in a multi-
layer soil. In this present study, the measured scour envelope was confined within a single soil stratum.
Therefore, the SRICOS method was implemented for a uniform soil only.
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2.6 SRICOS Model for Contraction Scour

Contraction scour was small (0 to 2 ft) at all three study sites. Therefore, the SRICOS method for
contraction scour was not evaluated. The following review is included for completeness only.

Prediction of contraction scour is based on the same approach as pier scour. The maximum depth of scour
Zmax 1S Obtained using regression equations developed from flume tests in clay, and the maximum initial
bed shear stress zsx in the contracted channel is obtained using regression equations developed from
numerical simulations. The equation for z. is (Briaud et al. 2004a, 2005)

(TCJZ
Zm—aX=1.901.38%- Vi __\p 1 (2.23)
y 9y .
1 ’ l[gn(ym]

where B; is the upstream channel width, B, is the contracted channel width, z.is the critical shear stress
(obtained from EFA test), g is the acceleration due to gravity, p is the density of water, n is the Manning’s
coefficient, V, is the upstream flow velocity, and y; is the upstream flow depth.

Equation (2.23) is based on the results from seven flume tests conducted in porcelain clay under sub-
critical flow conditions in a rectangular channel with vertical side walls. These tests covered three
different contraction ratios (B./B; = 0.25, 0.5, and 0.75) and a Froude number range between 0.08 and
0.41. The contraction transition angle & was 90° and the value of L/B; ranged from 2.932 to 3.868, where
L, is the length of the contracted channel. A total of seven tests (tests 1 through 7) were conducted to
form the baseline cases. Three additional flume tests (tests 9, 10, and 11) were conducted with §=15°,
45° and 60° to investigate the effect of contraction transition angle on the maximum scour depth.
Together with test 2 from the baseline cases where §=90°, these four tests have similar flow conditions
(y1 = 153.6 to 171.15 mm, B,/B, = 0.5, L/B; = 3.38 to 3.868, and V/Ngy, = 0.22 to 0.24). The values of
Zmax found from the four tests ranged from 80 to 128 mm, with no apparent trend in the influence of 6 on
Zmax. Therefore, no correction factor was recommended for contraction angle effect.

The results from four test runs (tests 2, 12, 13, and 14) were used to investigate the effect of contraction
length on maximum scour depth. The values of L/B; in the four tests were 3.868, 0.844, 0.25, and 0.125,
respectively. The values of the other parameters were kept approximately constant (y; = 170.54 to 180
mm, B,/B; = 0.5, V1/ng1 =0.22 t0 0.23). The measured values of z,,., from these four tests were 116.3,
111.1, 128.2, and 208.3 mm. Except for the last test, these results indicate that the length of the channel
has very little effect on z,.. Thus, no correction factor was recommended for contraction length.

The equation for calculating the maximum shear stress within the contracted length of a channel 7,y is
given by (Briaud et al. 20044, 2005)

Tmax = KrKokirke pg n* V2 Ry% (2.24)
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where Ry, is the hydraulic radius (cross-sectional area/wetted perimeter) of the uncontracted channel, and
Kr, Ko, kn, ki are the correction factors for contraction ratio, contraction transition angle, water depth, and
contraction length, respectively. These correction factors are given by

1.75
kg =0.62+0.38 ij (2.25)
BZ
9 15
k, =1+0.9 — 2.26
0 (90 (2.26)
k, =1 (2.27)
L
k, =1, for ————>0.35
(Bl - Bz)
L LY L
=0.77 +1.36( j— 2( J ,for —————<0.35 (2.28)
Bl_BZ Bl_BZ (BI_BZ)

where @ is the contraction transition angle in degrees.

Note that Equation (2.24) reduces to the bed shear stress in open-channel flow when the values of the
correction factors are equal to unity. Annandale (2006) discussed the difficulty of estimating the
Manning’s coefficient n. He suggested using the Chezy coefficient in open-channel flow calculations.
The Chezy coefficient C is related to the friction factor f and hydraulic radius Ry, by

C= @ = ER;’G (2.29)
f n

Equation (2.24) can be written in terms of C as

Tmax = KrKokirke pg Vi°C? (2.30)
The friction factor can be determined from the Moody diagram or Colebrook equation if the bed
roughness, hydraulic radius, and flow velocity are known. This would avoid selecting a Manning’s n
value based solely on experience.
Note that although no corrections factors were recommended for z,,,, correction factors were proposed

for the maximum initial bed shear stress, zmax, Within the contracted channel to account for contraction
ratio, contraction angle, and contraction length effects.
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The regression equations presented in equations (2.23) to (2.28) are for a rectangular channel with vertical
sidewalls (straight riverbanks). To apply these equations to irregular channels with floodplains, the
contraction ratio B,/B; can be replaced by the velocity ratio V,/V;, where V is the mean velocity in the
approach flow and V, is the mean velocity in the contracted channel. Conservation of mass gives

B./B, = VIV, (2.31)

For V, and V, calculated with HEC-RAS, Briaud et al. (2004a) recommended applying a correction factor
to Equation (2.31) to account for two-dimensional flow effects not predicted by the one-dimensional flow
model.

Briaud et al. (2005) compared the maximum contraction scour depth predicted by the SRICOS method
with the measured maximum contraction scour depth in sand from the flume tests of Gill (1981) and
found good agreement.

2.7 Field Evaluation of SRICOS Method

The SRICOS method for pier scour had been applied to eight sites in Texas (Briaud et al. 2001b), two
sites in Alabama (Curry et al. 2003), and five sites in Maryland (Ghelardi 2004). A combined field,
laboratory and numerical study had been conducted for bridge scour in Georgia (Sturm et al. 2004). The
findings of these studies are reviewed in this section.

2.7.1 Texas

Eight bridge sites (Navasota River at S.H. 7, Brazos River at U.S. 90A, San Jacinto River at U.S. 90,
Trinity River at F.M. 787, San Marcos River at S.H. 80, Sims Bayou at S.H. 35, Bedias Creek at U.S. 75,
and Bedias Creek at S.H. 90) with cohesive soils were identified. From these eight sites, ten bridge piers
were selected for evaluating the SRICOS method. These included one circular pier, four square piers, one
rectangular pier with square nose, and four rectangular piers with round nose. The duration of the
hydrograph ranged from 3 to 41 years, and the time step was one day (daily mean flow). The flow angle
of attack ranged from 0° to 25°. The pier Reynolds number based on the width of the pier and maximum
approach flow velocity ranged from 0.6 x 10°to 3.8 x 10°. Upstream and downstream channel cross
sections were not available at most of the bridge sites. Therefore, water depth and velocity were
calculated assuming uniform flow conditions based on one channel cross section surveyed at the bridge
crossing and the average channel slope. The flow calculations were carried out using HEC-RAS without
the bridge abutments and piers in place. The computed cross-sectional averaged velocity was used with
Equation (2.1) to calculate the equilibrium scour depth at each time step. The results were corrected for
pier shape and flow angle of attack effects by applying the correction factors from the HEC-18 equation.
However, the results were not corrected for shallow water and pier spacing effects since these correction
factors were not available at the time. The measured local scour depth during the evaluation period
ranged from 0.05 (no scour) to 2.87 m, and the predicted scour depth from the SRICOS method ranged
from 0.83 to 2.72 m. Excluding the one case where no appreciable scour depth was measured, the
percentage difference between the predicted and measured scour depth, (Zpregicted — Zmeasured)/Zmeasured X
100%, ranged from -12% to 16%. It was concluded that the accuracy of the SRICOS method in
predicting pier scour at full-scale bridges was good.
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2.7.2 Alabama

Two bridge sites with cohesive soils (U.S. 84 over the Pea River at Elba and State Route 123 over the
Choctawhatchee River near Newton) were selected for evaluating the SRICOS method. The first site has
two piers in the main channel and 15 piers in the overbank area. The second site has two piers in the
main channel and seven piers in the overbank area. The pier shape at both sites is rectangular. Thin wall
tube samples were collected from the overbank area and tested in an EFA to obtain the erosion rate versus
shear stress curves. Daily mean discharges were obtained from USGS, but the record was incomplete for
the first site. Channel cross-sections were obtained from construction plans and sounding. Flow velocity
distributions in the main channel and overbank areas were calculated from daily mean discharges using
HEC-RAS. HEC-RAS also calculated the amount of contraction scour, pier scour, and abutment scour
using the HEC-18 methods which were developed for non-cohesive soils. Due to lack of flow data, the
SRICOS method was not used to compute the scour history at the first site. At the second site, contraction
scour in the main channel and on the left overbank, and local scour at two main channel piers and one
overbank pier were calculated from 1975 to 1990. It was found that the calculated scour depths from the
SRICOS method were in better agreement with the observed scour compared with the HEC-18 methods.
However, considerable differences were found between the predicted and observed scour around the main
channel piers, which were attributed to the lack of soil data from the main channel.

2.7.3 Maryland

Five test sites (MD 28 over Seneca Creek, MD 355 over Great Seneca Creek, MD 26 over Monocacy
River, MD 7 over White Marsh Run, and 1-95 over Potomac River) with cohesive soils were selected to
evaluate the SRICOS method for pier scour. The period of evaluation was 160 years for all five sites.
Thin wall tube samples were collected from each site and tested in an EFA to obtain the erosion rate
versus shear stress curves. Four of the five sites were un-gauged. The flow discharges at those sites were
constructed from synthetic hydrographs. A 100-year design storm was inserted into the middle of each
hydrograph. A gauging station was located upstream of the bridge at the fifth site (1-95 over the Potomac
River, also known as the Woodrow Wilson Bridge). The flow record from this gauging station was
transferred to the bridge site by drainage-ratio area adjustment. Flow velocity was calculated from flow
discharge using HEC-RAS. As in the Texas study, the flow calculations were carried out without the
bridge in place. However, the road embankments and ineffective flow areas were retained. Furthermore,
surveyed cross sections were available upstream and downstream of the bridges at the Maryland sites, so
non-uniform flow calculations were performed, and the velocity distribution across the channel was
determined. This was important for the Maryland sites because the piers were located in the overbank
area, which had lower flow velocities than in the main channel. The flow discharge used was the daily
mean discharge, and scour depths were calculated in a time increment of 24 hours. The predicted final
scour depths ranged from 0.2 ft (no scour) at the Seneca Creek site to 26.5 ft at the Woodrow Wilson
Bridge site. No measured scour depths were available for comparison. Therefore, the predicted scour
from the SRICOS method was compared to scour depths calculated using the HEC-18 equation. As
expected, the HEC-18 equation produced scour depths that were substantially larger (40% or more) than
the SRICOS method. For the four sites with synthetic hydrographs, it was found that the inserted 100-
year storm produced most of the scour. Several test runs were conducted with the SRICOS program for
the Monocacy River Bridge to examine what effects the length of the time step had on the predicted scour
depth. The results showed that the predicted scour depth was dependent on the time step used in the
hydrograph. In particular, use of daily mean flow tended to average out the peak flows, and led to an
underestimation of the scour depth produced by large storms. The study also cited the mechanical
difficulties of using the EFA and questioned using bed shear stress alone to quantify soil erosion rate.
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2.7.4 Georgia

Four bridge sites in Georgia (Chattahoochee River at Cornelia, Ocmulgee River at Macon, Flint River at
Bainbridge, and Darien River at Darien) were selected for scour study using a variety of technigues,
including field measurements, laboratory scaled model testing, and computer simulations. The sediments
at all four sites consisted of fine and/or coarse sands, so non-cohesive materials were used in the
laboratory to model scour. The laboratory models were carefully designed to replicate the field
conditions. The model test results successfully reproduced the field measurements in both maximum
scour depths and bed profiles. Additional insights about the scour process were gained from detailed flow
measurements made in the laboratory models and from numerical simulations. This study was not
directly related to the SRICOS method, since the equations used for scour prediction were developed for
non-cohesive soils. However, soil erodibility was measured and correlated to soil properties. Thin wall
tube samples were collected from ten bridge sites in Georgia and tested in an open-channel flume to
determine the critical shear stresses and erosion rate versus shear stress curves. A piston was used to push
the soil out of the tube into the flume through a circular hole in the flume bottom as fast as the soil could
be eroded. The experimental set-up was similar to the EFA but differed in two important aspects. First,
uniform flow was established in the flume so the bed shear stress could be calculated accurately from the
measured hydraulic radius and channel slope. Second, the flume bed was covered by a layer of gravel to
ensure fully developed turbulent flow in the test section. The latter was important because the erosive
action of the flowing water was then controlled by the boundary-layer turbulence generated upstream, and
not by the soil surface irregularities at the test section. The measured critical shear stress and erosion rate
constant were correlated to measured sediment properties, including the weight fraction of fine material
and organic material and the sediment dso.

2.8 Conclusions

Using the results of flume tests and numerical modeling, the SRICOS method had been developed by
researchers at Texas A&M University to predict the time rate of scour as well as the maximum scour
depth at bridges. The SRICOS method is applicable to both cohesive and non-cohesive soils; it uses site-
specific measurements to quantify soil erosion rates. The method can be adapted to predict the scour
history produced by a hydrograph and in a multi-layer soil stratigraphy. The basic approach can be
modified to predict pier, contraction, and abutment scour. Individual elements of the method can be
updated and improved as new research results become available. Therefore, the SRICOS method
represents a significant advance over existing methods for bridge scour predictions.

In applying the SRICOS method to predict scour at full-scale bridges, the limitations of the equations
must be recognized. The regression equations used for calculating the maximum pier scour depth z.x
and the maximum initial bed shear stress z,.x Were developed based on small-scale flume tests in clays,
primarily porcelain, and numerical modeling. The equation for zy,y predicts maximum scour depths
similar to those given by the HEC-18 equation, and should provide a conservative estimate when applied
to other cohesive soils. However, the flume tests and numerical modeling were conducted at laboratory
scales and covered only a relatively small range of flow and pier parameter values. Therefore, using these
regression equations on prototype bridges may apply the equations outside the range of flow conditions
for which they were developed.

The regression equations for contraction scour have some of the same limitations as those for pier scour.
They are based on flume tests in porcelain clay and it is unclear how well the equations would perform
with other soil types. The flume tests and numerical simulations were carried out for a rectangular
channel with vertical side walls over a relatively small range of flow conditions.
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The EFA is one of the few devices available for measuring erosion rates on soils collected from a specific
site. With an EFA, soil samples can be collected with a thin wall tube at specified depths and tested
relatively undisturbed over a wide range of applied shear stress. The current design, however, is not
particularly accurate because the operator monitors the erosion and determines when to advance the soil
sample. Furthermore, the applied shear stress is calculated using equations developed for pipe flows and
may not correctly represent the erosive action of the water on the test sample. Hence, there are large
uncertainties in the estimated shear stress and measured soil erosion rates. These shortcomings, however,
are not insurmountable, and the EFA remains a valuable tool for obtaining site-specific information on
soil erosion rates.

The pier scour predictions from the SRICOS method had been compared to field measurements at only a
small number of bridge sites in the United States. These results were inconclusive for several reasons.
Some of the sites investigated did not have surveyed channel cross sections upstream and downstream of
the bridges, which were needed to accurately compute the water surface elevation and approach flow
velocity at the bridge. Also, it is not known how well a one-dimensional model like HEC-RAS predicted
the water depth and approach flow velocity at these sites, since there were no velocity measurements for
comparison. As is expected of alluvial soil sites, there is expected variation in the subsurface conditions.
There are uncertainties in the hydraulic calculations and in the hydrologic data. Uncertainties also arise
from the method used in estimating the applied bed shear stress in the EFA tests and from the subjective
decision that has to be made to operate the apparatus. A meaningful comparison between the measured
and predicted scour depths will require these uncertainties and their effects on the predicted scour depths
be quantified.
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3. QUESTIONNAIRE

3.1 Research Questionnaire

As part of the literature search, the research team also contacted Department of Transportation offices in
six surrounding states (North Dakota, Minnesota, lowa, Nebraska, Wyoming, and Montana) to discern
what methods they are using to estimate bridge scour in cohesive soils and flood discharges in small
watersheds and un-gauged streams. Other state DOTSs that are known to use the SRICOS method for
scour analysis were also contacted (California, Illinois, Texas, Alabama, and Delaware).

A questionnaire was produced from a standard list of questions developed by the research team. The
guestions were generated from topics that were deemed relevant to the subject research. The
guestionnaire was forwarded to the technical panel for review and comment. The comments were then
incorporated into the questionnaire.

State DOTs were then contacted via telephone and were asked a list of standard questions. The standard
list of questions that forms the questionnaire is presented in Table 3.1. Specifically, the following
neighboring State Department of Transportation personnel were interviewed using the survey
guestionnaire:

o North Dakota, Mr. CIiff Scott, Hydraulics Engineer;
lowa, Mr. Dave Clamen, Bridge Engineer;
Montana, Mr. Mark Goodman, Bridge Scour Engineer;
Wyoming, Mr. Russ Brewer, Hydraulics Engineer;
Nebraska, Mr. Don Jisa, Hydraulics Engineer; and
Minnesota, Ms. Andrea Hendrickson, State Hydraulic Engineer.

The following states that are known to have used or are considering using the SRICOS method were also
interviewed using the questionnaire:
e Texas, Mr. John Delphia, Geotechnical Engineer;
Alabama, Mr. Eric Christie, Bridge Scour Engineer;
California, Mr. Kevin Flora, Senior Hydraulics Engineer;
Illinois, Mr. Matthew O’Connor, Hydraulics Engineer; and
Maryland, Mr. Andy Kosicki, Hydraulics Engineer.

Table 3.2 provides a detailed summary of pertinent responses.

Although not part of the formal questionnaire, bridge scour management (including determination of
critical bridges, estimation of scour for existing and new bridges, etc.) was the responsibility of various
groups within the various DOT offices. The responsibility was handled by some geotechnical branches,
by some hydraulic offices, and by some bridge offices.
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3.2 Conclusions

All states interviewed for the questionnaire have an active scour monitoring program. For the most part,
monitoring consisted of biannual bridge inspections consisting of visual observations. All interviewed
states reported channel migration and abutment erosion to some degree for a few bridges. All states
interviewed have not used the SRICOS method as the primary design method to predict scour in fine
grained soils. The HEC-18 approach with varying degrees of empirical corrections to match observed
conditions is currently employed by all states. Several states used an empirical reduction factor applied to
the HEC-18 method to produce more realistic estimates of scour in cohesive soils. Several states applied
experience, field observations, and engineering judgment to the HEC-18 results.

Research is currently active in studying and refining the SRICOS method. The Texas DOT is the most
active in the area with several current, ongoing research projects. With the exception of the Texas DOT,
soil erodibility measurements were limited to research projects. The listed advantages of the method were
that it was designed to predict scour in cohesive soils, was designed to handle layered soils, and predicted
time rate of scour for time history of flow. They listed the EFA testing as the primary disadvantage (cost,
needing an erosion rate curve for soil strata change, and test accuracy).
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Table 3.1 Questionnaire

1.

10.

11.

12.

13.
14.

15.
16.
17.

18.

19.

20.

How long have you been involved with hydraulic analysis and scour evaluation of bridges over
waterways in your state and what was your involvement?

Have you been involved in a Level 1 and/or Level 2 bridge scour evaluation?

Does your state have an active scour monitoring program? If the answer is “yes”, what are the
objectives and scope of your program?

What types of scour-related problems have you experienced with existing bridges in your state?

Had there been any scour-related bridge failure in your state in recent years? If the answer is
“yes”, what were the causes of failure?

What are some of the technical problems that your state has encountered in the design of new
bridges for scour?

What computer models do your engineers use for hydraulic analysis of bridges?
What percentage of the bridges over waterways in your state is founded on cohesive soils?

What methods do you use to predict bridge scour in cohesive soils and how do you rate these
methods?

Have your state used field measurements to evaluate existing methods for predicting bridge
scour?

Was soil erodibility measured as part of the scour evaluation? If the answer is “yes”, what method
was used to measure soil erodibility?

Have you used the SRICOS-EFA method in scour prediction? If the answer is “yes”, what do
you think are some of the advantages and disadvantages of this method?

Was time rate of scour considered in design of bridges for scour?

What methods do you use to estimate flow discharges in small watersheds and un-gauged
streams?

Have you used synthetic stream flow data in hydraulic analysis?
From your experience, what are some of the key scour design issues?

What subsurface explorations methods do you use in determining (quantifying in terms of type,
depth and thickness) soils at both the foundation level and hydraulic bed level of a bridge
structure?

What exploration sampling methods do you use in obtaining soil samples for scour evaluation?
What locations do you perform the explorations at? Meaning, at the bridge abutments, piers
(both in- and out-of-water), or both?

Do you use laboratory methods for evaluating scour potential of fine-grained (cohesive) soils
from samples collected in the field? If the answer is “yes”, what are they?

If you perform laboratory methods, how are they used in the scour analyses?
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Table 3.2 Detailed summary of responses from the survey

Question

Summary of Responses

1. How long have you been involved with
hydraulic analysis and scour evaluation
of bridges over waterways in your state
and what was your involvement?

Responses varied by individual.

2. Have you been involved in a Level 1
and/or Level 2 bridge scour evaluation?

All states were performing Level 1 and Level 2 evaluations. States
offices were performing the Level 1 and Level 2 evaluations for
bridges on state highways and several states were working with the
USGS to perform the evaluations on county bridges. Some states
were having consultants perform the evaluations on a case by case
basis (as part of retrofitting or when state offices were too busy to
perform the evaluations). Some states used an abbreviated version
of the Level 1 estimation. One state was using the USGS’s new
approach of a Level 1.5 for initial evaluation.

3. Does your state have an active scour
monitoring program? If the answer is
“yes”, what are the objectives and scope
of your program?

With the exception of North Dakota, all states had an active bridge
scour monitoring program. For these states, the monitoring program
was part of the annual (or bi-annual) bridge inspection performed by
bridge inspection crews. Monitoring varied from visual observations
of channel profiles to stream bed measurements taken every other
year. Most states focused on scour critical bridges in their active
monitoring program. Several states used this information for
formulating and updating their formal plans of action. Montana and
Alabama had real time data collection devices at a limited number of
bridges where problems were known to have occurred.

CALTRANS had 10 bridges that were instrumented or in
development.

4. What types of scour-related problems
have you experienced with existing
bridges in your state?

All states reported the majority of their problems were related to
erosion and migration issues at the bridge abutments where the
abutments were flanked during peak flood events or where channel
migration had occurred. This typically resulted in loss of the
approach slab and rarely resulted in structural damage of the bridge
super structure. It is important to note that this particular problem is
not technically scour.

Of the scour problems that were reported, most were pier and
contraction scour. Of these, the majority of scour related problems
seemed to be contraction scour. Many states reported deepening due
to the accumulation of debris at the piers and ice damming (northern
states). North Dakota reported few sites of observed pier or
contraction scour.
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Question

Summary of Responses

Had there been any scour-related bridge
failure in your state in recent years? If
the answer is “yes”, what were the
causes of failure?

Few states reported recent bridge failures. Most reported issues with
loss of the abutment approaches during peak events, but no loss of
the super structure.

In Texas, three recent failures were reported. Two failures occurred
due to debris loading on the columns resulting in lateral failure of
the bridge column. One failure occurred due to an improperly
designed gabion wall at a channel pier. Loss of the approaches at
the abutments due to erosion and channel migration were reported
but no structure failures resulted.

In Nebraska, one failure was reported due to the bridge pier founded
on a rock ledge that was sensitive to small quantity of scour.

Alabama reported one failure due to scour that resulted from a
hurricane.

California reported three from 2006 (scour of pile foundations,
erosion of an abutment, and flash flooding resulting in scour under a
shallow foundation).

lowa reported a multimode failure (abutment erosion and pier scour)
in 2004, another abutment erosion failure in 2004, a pier scour
failure in 1998 (500 year event), and a contraction scour failure in
1993.

What are some of the technical
problems that your state has
encountered in the design of new
bridges for scour?

Most states reported the majority of problems relating to scour
design of new bridges were the accuracy of the predictive methods,
and over prediction of scour in cohesionless soils using the various
design methodologies. Several states felt that the HEC-18 method
of “instantaneous” scour was not realistic. Some states reported
limitations of the various design methodologies did not allow for
layered soil conditions. However, all states were actively supporting
their bridges on pile foundations (or drilled shafts) and as a result, all
felt the technical problems were appropriately conservative and
minimal.

What computer models do your
engineers use for hydraulic analysis of
bridges?

All states limited their computer analyses to one dimensional models
using HEC-RAS and WSPRO. Several states reported occasionally
using two dimensional models (or contracting with consultants or the
USGS) when higher level analyses are needed for permit issues, a
“high profile” bridge or for a law suit. The two dimensional models
that were reported being used were FESWMS-2DH and SMS.
California reported using BrEase that was developed in Oregon.
Maryland reported using UPSCOUR.

What percentage of the bridges over
waterways in your state is founded on
cohesive soils?

Although no states could quantify an estimate, most states reported
that more than 50% of their bridges were founded on cohesive soils.
Montana reported a minority of their bridges were founded on
cohesive soils. California reported that about 30% were.
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Question

Summary of Responses

9.  What methods do you use to predict
bridge scour in cohesive soils and how
do you rate these methods?

Most states exclusively used modified versions of the HEC-18
method to predict scour in cohesive soils. Some states did not
distinguish between cohesive and cohesionless soils in their scour
predictions. Several states used an empirical reduction factor
applied to the HEC-18 method to predict more realistic estimates of
scour in cohesive soils. Several states applied experience, field
observations, and engineering judgment to the HEC-18 results. Two
states limited the Ds, value as input to the HEC-18 method.

Texas used three additional methods (in addition to an empirically
modified HEC-18 approach) to predict scour in cohesive soils. First,
the HEC-18 method was applied in a step-wise approach by
adjusting the channel hydraulics to predict contraction scour.
Second, the SRICOS method is used. Third, the Annandale
erodibility index is coupled with stream power index to predict
contraction scour. Texas uses a step wise analysis to predict scour
in layered soil systems.

Maryland does possess an EFA device but does not use the SRICOS
method actively in design. The device/method is only used in
research at this time.

10. Have your state used field
measurements to evaluate existing
methods for predicting bridge scour?

Several states have performed field measurements and compared
them to predictive methods on a selective basis for research projects.

Texas was the most proactive state in this regard given the studies
they are initiating with Jean-Louis Briaud.

Nebraska performed field measurements as part of a project with the
USGS on the Blue River. However, this was for sand bed scour.

Alabama has performed some transducer measurements as part of a
project with the USGS to develop envelope curves for state specific
cohesive soils (Chalk soils and Marl soils).

Montana performed a similar study (to this one) with the USGS for
coarse soil bed streams.

Wyoming conducted a study with the BRI-STARS Model to
evaluate contraction scour.

California reported 10 bridges that were equipped with tilt sensors,
sonar, flow measurements, float outs, and real time data deployment.

11. Was soil erodibility measured as part of
the scour evaluation? If the answer is
“yes”, what method was used to
measure soil erodibility?

Texas was the only state that measured soil erodibility using the
EFA device as part of scour evaluation. This was part of the
SRICOS methodology. Minnesota has an EFA device in their
materials testing division but does not use it.

Several states applied estimation and engineering judgment in regard
to soil erodibility.
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Question

Summary of Responses

12. Have you used the SRICOS-EFA
method in scour prediction? If the
answer is “yes”, what do you think are
some of the advantages and
disadvantages of this method?

Texas, Alabama, and Maryland were the only states that used the
SRICOS method for scour evaluation. Although it was used on
several bridges for design, it is primarily used for research projects
at the current time.

They listed advantages of the method in that it was designed to
accurately predict scour in cohesive soils, was designed to handle
layered soils, and predicted time rate of scour for time history of
flow. They listed the EFA testing as the primary disadvantage (cost,
needing an erosion rate curve for soil strata change, and test
accuracy).

Texas is currently undertaking a research project that will develop a
simplified SRICOS method for scour evaluation. The focus of the
research project is to test a variety of cohesive soils using the EFA
device to produce a database of erosion function curves (erosion rate
curves). The curves will be correlated to soil categories in an effort
to use the correlations to reduce the need for EFA testing.

Auburn University in Alabama has an EFA device. Alabama
reported sending random field samples to Auburn for EFA testing in
an effort to generate generic erodibility curves for future use. It was
stated as being a long term project and the results of the testing are
not being actively used in design at this time.

Minnesota reported using the method once on a bridge as an
experiment.

Illinois reported using the method once and abandoned it due to
“subjectivity” of the EFA testing. They could not reproduce EFA
results from different users.

13. Was time rate of scour considered in
design of bridges for scour?

With the exception of Wyoming, states using scour time rates were
limited to EFA testing. See responses to Question 12 for the details.
Wyoming used the BRI-STARS model that considers live bed
transport. However, their analyses were limited to sand beds and
cohesive soils were not considered.
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Summary of Responses

14. What methods do you use to estimate

flow discharges in small watersheds and
ungauged streams?

All states primarily used the USGS regional regression equations
developed for their states to estimate flow discharges. Other
methods used included NRCS curves, the rational method, a
combination of various methods, area ratio adjustment, and gauging
station translation.

North Dakota used the regression equations coupled with historic
qualitative information to modify the regression equations.

Nebraska used the published FEMA water levels to check their
estimated flow discharge calculations. Wyoming used the Santa
Barbara urban hydrograph method.

Maryland used an internally developed program called GIS-
HYDRO.

15.

Have you used synthetic stream flow
data in hydraulic analysis?

Texas was the only state that occasionally used synthetic stream
flow data generated from their hydraulics division in their hydraulic
analysis.

Maryland used a TR-20 model.

16.

From your experience, what are some
of the key scour design issues?

The responses were varied for this question. Listed responses
include methods to more accurately predict scour (reduce
conservatism), selection of deep verses shallow foundations (again,
relating to conservatism), prediction of scour in cohesive soils, effect
of pier orientation on scour prediction, estimation of scour in
substructures for floods, prediction of debris effects on foundation
and column design, stability of abutments, deep foundation design,
channel shifting, pier placement in the channel (i.e., spanning an
active channel), and general substructure design. One comment
from Texas related to the unrealistic assumption using the HEC-18
method that all the elements of scour are independent.

17.

What subsurface explorations methods
do you use in determining (quantifying
in terms of type, depth and thickness)
soils at both the foundation level and
hydraulic bed level of a bridge
structure?

With the exception of where the geotechnical division is responsible
for scour design (Texas being the only state), most of the individuals
interviewed were not specifically familiar with the methods used by
their respective DOT. In general, most listed general soil borings as
the method of subsurface exploration.

Texas uses a hollow stem auger to facilitate advancement of most
soil explorations and wet rotary coring for rock explorations. They
use the Texas cone penetrometer as an SPT equivalent.

California predominantly used SPT, CPT, and GPR.
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Summary of Responses

18. What exploration sampling methods do

you use in obtaining soil samples for
scour evaluation? What locations do
you perform the explorations at?
Meaning, at the bridge abutments, piers
(both in- and out-of-water), or both?

All states used down hole disturbed sampling, grab sampling of the
boring cuttings, and surface grab sampling in the stream channel to
exclusively obtain samples for scour evaluation. No schemes were
used to sample at specific locations. Texas used Shelby tube
sampling methods on a limited basis in support of the SRICOS
method and EFA testing for their research projects.

19.

Do you use laboratory methods for
evaluating scour potential of fine-
grained (cohesive) soils from samples
collected in the field? If the answer is
“yes”, what are they?

Visual classification, USCS classification, AASHTO classification,
Atterberg limits, and gradation testing were exclusively used as
laboratory methods to evaluate scour potential. However, Wyoming
additionally used pebble counts in stream beds as a method of
determining gradation for soil primarily comprised of gravels and
cobbles. Texas performed EFA testing on a limited basis in support
of research projects.

20.

If you perform laboratory methods, how
are they used in the scour analyses?

All testing methods were used exclusively as input to HEC-RAS and
HEC-18. Again, Texas, Maryland, and Illinois used the EFA test
results as input to the SRICOS method on their research projects.
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4. BRIDGE SITE SELECTION

4.1 Introduction

Three bridge sites in South Dakota were selected to evaluate the SRICOS method. They were the Big
Sioux River Bridge near Flandreau on S.D. Highway No. 13, the Split Rock Creek bridges near Brandon
on Interstate 90 eastbound and westbound, and the White River Bridge near Presho on U.S. Highway No.
183. A number of factors had entered into the final decision for selecting these sites. The primary
objective of the project was to evaluate the SRICOS method. Therefore, the bridge sites selected should
ideally satisfy the following requirements: (1) the predominant soil type is silt or clay; (2) scour profiles
were measured on at least two dates separated by one or more major flooding events; (3) these profiles
show at least several feet of scour; (4) streamflow data exist at the site or can be reliably estimated; and
(5) there is access to the bridge for a truck mounted drill rig. Other factors that were also considered
include pier types, flow alignments, and drainage areas. In addition, surveyed channel cross sections in
the vicinity of the bridge crossings must be available in order to model the bridge hydraulics.
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Figure 4.1 Locations of bridge sites
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To evaluate the SRICOS method the current project relied heavily on archival data provided by the South
Dakota bridge-scour project (1991-1995). This project was a cooperative effort between SDDOT and the
South Dakota District of USGS. The final report of the project was published in Niehus (1996). In the
South Dakota bridge-scour project, preliminary scour assessments were completed on 32 bridge sites in
South Dakota, and detailed assessments were conducted on 12 of those 32 sites. The detailed assessments
were conducted for the period 1991-1993 and included hydrologic and hydraulic calculations, bed
material analyses, scour measurements, streamflow measurements, and comparison of measured scour
depths with predictions obtained using 16 published equations for pier, contraction, and abutment scour.
Based on this report, we determined that six of the 12 sites investigated in the detailed assessments
(Grand River near Mobridge, Big Sioux River near Flandreau, Moreau River near Faith, South Fork
Grand River near Bison, Split Rock Creek near Brandon, and White River near Presho) met the majority
of our project requirements. The locations of these six bridge sites are shown in Figure 4.1. The individual
reports for these six sites were obtained from USGS for detailed study. Other information obtained from
USGS and SDDOT included surveyed channel cross sections, streamflow data, bridge inspection reports,
field notes, bridge plans, and borehole data. The research team also visited the six bridge sites during
spring and summer of 2007. The purposes of the field trips were to become familiar with the sites and to
depict site conditions (e.g., apparent flow directions and concentrations, geomorphic characteristics, and
access to drilling) that might be useful to the project. A general description of the six bridge sites visited
is given in following sections.

Figure 4.2 Grand River Bridge near Mobridge (from right bank facing along downstream face toward
left bank). The pier sets in the picture are, from left to right, bent 4, 3, and 2.

4.2 Grand River Bridge Near Mobridge

The Grand River Bridge (16-665-200) is located on U.S. Highway No. 12, five miles west of the City of
Wakpala in north-central South Dakota. It was built in 1960 and has five spans, with an overall length of
556 ft. The bridge has four octagonal pier sets (Bent Nos. 2, 3, 4, and 5) with two piers per set, located on
piling. Each pier set is 4 ft wide. The bridge opening is classified as a spill-through abutment. The pier
sets at bent 3 and bent 4 are located in the low-flow channel. Existing borehole data show that the soils
are predominantly sand and silt. River bottom profiles were measured on the upstream side of the bridge
on August 26, 1991 (low flow), and March 9, 1993 (Q = 3,950 ft*/s). These profiles showed 2 to 3 ft of
local scour at bent 4. No contraction or abutment scour was evident from the measured profiles. The
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abutments are protected by riprap. Between the two dates mentioned above, the peak flow occurred on
March 7, 1993, with a recorded daily mean flow of 7,165 ft¥/s (Q, = 5,370 ft*/s). Streamflow
measurements obtained at the site on March 9, 1993, by the USGS showed a maximum depth-averaged
velocity of about 5 ft/s in the main channel. The bridge site has an estimated drainage area of 5,470 ft?
(Niehus 1996). The nearest streamflow gauging station (06357800) is located at Little Eagle 14 miles
upstream from the bridge site. The recorded hydrograph shows that the stream has zero flow over most of
the year. The daily mean flow recorded by the gauging station was 23 ft*/s on August 9, 2007, when we
visited the bridge site. On this day, the streamflow was confined between bent 4 and 5. The river bed was
exposed at both pier sets, and the river bank was covered with grass and weeds (see Figure 4.2).
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Figure 4.3 Big Sioux River Bridge near Flandreau (from left bank facing along upstream face toward
right bank). The pier sets in the picture are, from left to right, bent 4, 3, and 2.

4.3 Big Sioux River Bridge Near Flandreau

The Big Sioux River Bridge near Flandreau (51-150-099) is located on S.D. Highway No. 13, 0.3 miles
north of the City of Flandreau in east-central South Dakota. The bridge was built in 1964 and has four
spans, with an overall length of 436 ft. It has three octagonal pier sets with webs (Bent Nos. 2, 3, and 4)
located on piling. Each pier set is 3 ft wide and 30 ft long. The low-flow channel runs through the center
part of the bridge opening where bent 3 is located. The bridge opening is classified as a spill-through
abutment with 3:1 slope embankments, protected by riprap. No borehole data were found on the bridge
construction drawings. A foundation investigation dated June 22, 1962, reported dark brown silty clay
found at elevation 1,500 ft. River bottom profiles were measured on June 20, 1992 (Q = 1,624 ft*/s), June
22,1992 (Q = 4,346 ft*/s), March 30, 1993 (Q = 9,090 ft*/s), and July 7, 1993 (Q = 7,774 ft*/s) on the
upstream side of the bridge and on December 5, 1991 (low flow), June 22, 1992, March 30, 1993, and
July 7, 1993, on the downstream side. These profiles showed about 8 ft of local scour around the
northern-most pier (bent 2) and up to 1 ft of contraction scour. Between December 5, 1991, and July 7,
1993, the peak flow occurred on July 5, 1993, with a recorded daily mean flow of 11,583 ft/s (Q2=2,320
ft*/s). Stream gauging was conducted at the bridge site by the USGS on March 30 and July 7, 1993.
Interestingly, these measurements showed that the highest flow velocity occurred not in the low-flow
channel but adjacent to the right bank, with a maximum depth-averaged velocity of about 5 ft/s (March
30, 1993) near bent 2. The Big Sioux River near Brookings streamflow gauging station (06480000) is
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located about 22 miles upstream from this site and has been operated since 1953. The estimated drainage
areas at the gauging station and at the bridge site are 3,898 mi®and 4,096 mi°. The estimated 2-year, 100-
year and 500-year flow discharges at the bridge site are 2,320, 31,300, and 53,100 ft*/s (Nielus 1996).
Figure 4.3 shows a photograph of the bridge taken on April 6, 2007, when the recorded daily mean flow
was 1,968 ft'/s.

4.4 Moreau River Bridge Near Faith

Figure 4.4 Moreau River Bridge near Faith (from left bank facing along downstream
face toward right bank). The pier sets in the picture are bent 5 (left) and 4 (right).

The Moreau River Bridge (53-392-521) is located on S.D. Highway No. 73, 13.5 miles northwest of the
City of Faith in northwest South Dakota. It was built in 1926 and has seven spans, with an overall length
of 378 ft. The bridge has three square pier sets (bent Nos. 2, 6, and 7) with two piers per set, and three
web pier sets with pointed noses (bent No. 3, 4, and 5). All the pier sets are located on spread footings.
The square pier sets are 2.5 ft wide and the web pier sets are 3 ft wide. The bridge opening is classified as
a spill-through abutment. The pier sets and abutments have been skewed parallel to the flow to minimize
scour. Piers 3, 4, and 5 are located in the main channel. The recorded daily mean flow was zero when we
visited this site on August 8, 2007 (see Figure 4.4). The bank was covered with grass and weeds. Existing
borehole data show that the soils are predominantly sand and silt. River bottom profiles were measured on
the upstream side of the bridge on August 27, 1991 (low flow), June 11, 1993, July 21, 1993, and July 27,
1993; and on the downstream side on June 16, 1992 (low flow), June 11, 1993, and July 21, 1993. These
profiles showed 1 to 2 ft of pier and/or contraction scour in the low-flow channel. Streamflow at this site
was ephemeral. Between January 1, 1991, and December 31, 1993, the peak flow occurred on July 28,
1993, with a maximum recorded daily mean flow of 4,490 ft¥/s (Q, = 3,870 ft*/s). Stream gauging was
conducted at the bridge site by the USGS on June 11 (1,800 ft*/s), July 21 (4,130 ft*/s) and July 27, 1993
(5,100 ft*/s). The flow measurements on July 27 showed a maximum depth-averaged velocity of about 6
ft/s in thze main channel. A gauging station (06359500) is located at this site and has a drainage area of
2,660 ft".
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4.5 South Fork Grand River Bridge Near Bison

Figure 4.5 South Fork Grand River Bridge near Bison (from right bank facing
upstream face toward bent 2 and left abutment)

The South Fork Grand River Bridge (53-149-209) is located on S.D. Highway No. 75, 7.9 miles north of
the intersection of Highway Nos. 75 and 20 near Bison in northwest South Dakota. The bridge was built
in 1966 and has three spans, with an overall length of 234 ft. The bridge has two web pier sets (bent nos.
2 and 3) with round noses (2 ft in diameter), located on spread footings. The bridge opening is classified
as a spill-through abutment. Existing borehole data show that the soils are predominately silt and clay.
River bottom profiles were measured on the upstream side of bridge on June 17, 1992 (low flow), and
March 10, 1993 (747 ft*/s). These profiles showed 3 ft and 2 ft of local scour at bent 2 and bent 3,
respectively. The abutments were protected by riprap. No contraction or abutment scour was evident
from the measured profiles. Streamflow at this site was ephemeral, with zero flow over most of the year.
Between the two dates mentioned above, the peak flow occurred on March 8, 1993, with a recorded daily
mean discharge of 1,100 ft*/s (Q, = 1,440 ft*/s). Stream gauging conducted at the bridge site by the
USGS on March 10, 1993, showed a measured discharge of 747 ft¥/sand a depth-averaged velocity of
4.4 ft/s near bent 2 and 1.2 ft/s near bent 3. The South Fork Grand River near Cash streamflow gauging
station (06356500) is located at the bridge site and has a drainage area of 1,350 ft°>. The recorded daily
mean flow was 5.8 ft*/s on August 8, 2007, when we visited this site. On that day, the river bed at bent 3
was exposed and no scour hole was found. The banks and floodplain were covered with grass and weeds.
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4.6 Split Rock Creek Bridges Near Brandon

P ————

ﬁ‘&.r S I e, L S S

v—

Figure 4.6 Split Rock Creek bridges near Brandon (from left bank facing upstream face
of westbound bridge). The recorded daily mean flow on July 17, 2007, was 29 ft*/s.

The Split Rock Creek bridges (50-284-166 and 50-284-165) are located on Interstate 90 eastbound and
westbound, respectively, about 2,000 ft east of the Brandon/Corson exit in southeast South Dakota. The
two bridges were built in 1960 and each bridge has five spans. The lengths of the bridges are 330 ft
(eastbound) and 336 ft (westbound). Both bridges have four octagonal pier sets with two piers per set.
The width of the piers ranges from 2.75 to 3 ft. Three of the pier sets are located on spread footings, and
the fourth pier set is located on piling. The low-flow channel runs through the center part of the bridge
openings between bent 3 and 4 (both bridges). The bridge openings are classified as a spill-through
abutment. The bed material of the stream is predominantly silt and clay. River bottom profiles and
streamflow measurements were collected at the site by the USGS on July 2, 1992 (Q = 1,420 ft*/s),
March 29, 1993 (Q = 4,600 ft*/s), and May 8, 1993 (Q = 14,700 ft*/s), on the upstream side of the
westbound bridge, and on December 6, 1991 (low flow), March 29, 1993, and May 8, 1993, on the
downstream side of the eastbound bridge. The measured profiles showed about 2 ft of local scour around
bent 3 at the westbound bridge and up to 4 ft of local scour around bent 3 at the eastbound bridge. The
amount of contraction scour was unclear because the measured profiles showed both channel erosion and
deposition. A gauging station (06482610) is located less than 1 mile upstream of the bridge sites, but it
operated only as a crest-stage partial-record gauging station from 1990 through 1993. The largest
recorded peak discharge at this gauging station was 18,900 ft*/s on May 8, 1993. The estimated drainage
areas at the gauging station and at the bridge sites are 464 mi? and 466 mi’ respectively. The estimated 2-
year, 100-year and 500-year flow discharges are 2,200, 22,500, and 39,200 ft¥/s (Nielus 1996).

4.7 White River Bridge Near Presho

The White River Bridge (43-160-339) is located on U.S. Highway No.183, 14 miles south of the City of
Presho in south-central South Dakota. The bridge was built in 1952 and has six spans, with an overall
length of 433 ft. The bridge has three octagonal pier sets (bent nos. 2, 3, and 4) with webs located on
spread footings. Each pier set is 3.25 ft wide. Bent 2 and bent 3 are located in the main channel. Bent 4 is
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located in the right over bank. The bridge opening is classified as a spill-through abutment. The bed
materials are predominately sand and silt with some clay. River bottom profiles were measured on August
22, 1991 (low flow), and May 8, 1993, on the upstream side of the bridge and on April 16, 1992 (low
flow), and May 8, 1993, on the downstream side. These profiles showed about 5 ft of local scour at bent
2 and 4 ft of local scour at bent 3. No contraction or abutment scour was evident from the measured
profiles. Stream gauging was conducted at the bridge site by USGS on May 8, 1993 (Q = 7,040 ft/s).
These measurements showed a depth-averaged velocity of about 7 ft/s at bent 2 and 3 ft/s at bent 3. The
nearest streamflow gauging station (06452000) is located near Oacoma, 55 miles downstream from the
bridge site. This station has been operated since 1928. The recorded daily mean discharge at the Oacoma
station was 3,740 ft®/s when we visited the bridge site on August 8, 2007. The largest recorded peak
discharge was 51,900 ft3/s on March 30, 1952. Between August 22, 1991, and May 8, 1993, the peak flow
recorded at the gauging station occurred on March 21, 1993, with a recorded daily mean discharge of
10,000 ft*/s. The estimated 2-year, 100-year, and 500-year flow discharges at the White River Bridge site
are 9,860, 48,000, and 71,800 ft*/s, respectively (Niehus 1996).

08 08.2007

Figure 4.7 White River Bridge near Presho (from right bank facing downstream face
toward left bank). The two piers in the main channel are bent 3 (left) and bent 2 (right).

4.8 Conclusions

Table 4.1 summarizes the pertinent data for the six bridge sites. Of these six sites, only the Big Sioux
River and White River Bridges met all our requirements. The four remaining sites all had less than 3 ft of
measured scour. In addition, a continuous streamflow record was not available at the Split Rock Creek
site during 1991-1993. However, several methods exist for constructing synthetic hydrographs for un-
gauged watersheds. Since it was one of the objectives of this project to provide guidance on how to apply
the SRICOS method to un-gauged streams, the Split Rock Creek site was selected as one of the study
sites. Together, the three bridge sites selected covered a wide range of stream types (small and large),
drainage areas, flow alignments, and pier types. Some of the unique characteristics of the study sites
include long piers with large flow angle of attack (Big Sioux River Bridge), skewed bridges (Split Rock
Creek bridges), and river crossing at a sharp bend (White River Bridge). In addition, because of the
extensive flow data collected by USGS at these sites in 1991 to 1993 it was possible to compare the

37



computed water surface elevations and flow velocities with field measurements to examine how well
HEC-RAS modeled the bridge hydraulics at these sites.

Table 4.1 Summary of bridge site data (from Niehus, 1996) for 1991-1993.

. Big Sioux Moreau South Fork Split Rock S
Grand River River River Grand River Creek White River
Dra"('zﬂ%Area 5,470 4,096 2,660 1,350 466 9,343
Predgg%ga_lm' 5,370 2,320 3,870 1,440 2,200 9,860
Year Discharaes 36,100 31,300 36,900 17,300 22,500 48,000
(ft)s) g 53,300 53,100 58,200 32,700 39,200 71,800
Number of
Surveyed Cross 4 4 6 6 7 5
Sections
6/20/92 8/27/91
Date of Scour (1,624) (low flow) 7/2192
Measurements (Igﬁ?‘ig\%v) 6/22/92 6/11/93 (|2®7fﬁ€v) (1,420) 8/22/91
(Upstream) and 3/9/93 (4,346) (1,800) 3/10/93 3/29/93 (low flow)
Measured (3,950) 3/30/93 7121/93 (747) (4,600) 5/8/93
Discharge in ft¥/s ' (9,090) (4,130) 5/8/93 (7,040)
77193 7/27/93 (14,700)
(7,774) (5,100)

Scour élzzlgjgé 6/16/92 12/6/91 4116/92
Measurements No 3/30/93 6/11/93 No 3/29/93 5/8/93
(Downstream) 7/7/93 7/21/93 5/8/93
Maximum Pier

Scour Depth 2 8.5 1-2 2-3 2-3 5
Measured (ft)
Maximum
Contraction Scour
Depth 0 1 1-2 0 1 0
Measured (ft)
Flow Record and Crest-Stage
Maximum Daily Yes Yes Yes Yes Partial Yes
Mean Discharge 3/7/93 7/5/93 7/28/93 3/8/93 Record 3/21/93
(ft%/s) (7,165) (11,583) (4,490) (1,100) 5/8/93 (10,000)
in 1991-1993 (18,900)
. Sand and Silt and . Silt and Silt and Sand and
Soil Type Silt Clay Sand and Silt Clay Clay Silt

- Abutment Abutment Abutment Abutment Abutment Abutment

Access to Drilling and South
Only Only Only Only Only Bank
Selected for Study No Yes No No Yes Yes
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5. GEOTECHNICAL DATA

5.1 Field Exploration Methods

This section documents the processes and methods South Dakota State University used in determining the
nature of the soils underlying the project sites addressed by this report. The discussion includes
information on the following subjects:
e Site Reconnaissance
Explorations and Their Location
The Use of Auger Borings
Standard Penetration Test (SPT) Procedures
Use of Thin Wall Tubes

5.1.1 Site Reconnaissance

An important part in performing geotechnical explorations is to plan key elements of the study. This
planning includes:
o Reviewing the project needs
Reviewing available plans
Mapping and other documentation to identify the general project location
Regional geologic conditions
A site reconnaissance to observe site conditions, presence of utilities and access requirements

A well-planned geotechnical exploration program will help determine appropriate technical needs and
will aid in expediting efforts and time required to implement field work and to generate final project
work.

An important item in planning and implementing a geotechnical exploration is performing a site
reconnaissance. A site reconnaissance is most useful if conducted prior to finalizing a field exploration
program. A site reconnaissance was conducted at each of the study sites prior to finalizing a geotechnical
testing program. During the reconnaissance, the research team visited the three sites to observe the
general location, the position of planned project features at the sites, the possible presence of underground
and overhead utilities, site accessibility, indications of previous constructions activities, and the
occurrence of site features that may impact research development (Lexington-Fayette Urban County
Government 2005).

5.1.2 Explorations and Their Location

Subsurface explorations for this project included the following:
e Flandreau River Site. Borings B-1 and B-2 were drilled on June 12, 2007, and completed from
51.0 to 55.5 ft in depth.
e Split Rock Creek Site. Borings B-3 through B-6 were drilled on July 17, 2007, and completed
from 22.0 to 34.7 ft in depth.
e White River Site. Borings B-7 through B-10 were drilled on October 11, 2007, and completed
from 22.0 to 35.5 ft in depth.

The exploration logs within this section show our interpretation of the drilling, sampling, and testing data.

They indicate the depth where the soils change; note that the change may be gradual. In the field, we
classified the samples taken from the explorations according to the methods presented on Figure and
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Figure , Key to Exploration Logs. These figures also provide a legend explaining the symbols and
abbreviations used in the logs.

Location of Explorations

Figure through Figure show the location of explorations at the drilling sites, located by hand taping or
pacing from existing physical features. The ground surface elevations at these locations were interpreted
from the following:
¢ Flandreau River Site. Elevations shown in “Scour Assessments and Sediment-Transport
Simulation for Selected Bridge Sites in South Dakota” prepared by the Colin A. Niehus, dated
1996.
e Split Rock Creek Site. Elevations shown in “Analysis of Scour Potential for Bridge Structure
Nos. 50-284-165 and 50-284-166 Split Rock Creek Near Brandon, SD Interstate 90 East and
West Appendix 6” prepared by Colin A. Niehus, dated January 1993.
o White River Site. Elevations shown in “Scour Assessments and Sediment-Transport Simulation
for Selected Bridge Sites in South Dakota” prepared by the Colin A. Nichus, dated 1996.

The method used determines the accuracy of the location and elevation of the explorations.

SDDOT provided traffic control at all the drilling sites. GeoTek Engineering & Testing Services, Inc.
from Sioux Falls was the sub-contractor that performed the soil boring and sampling. The research team
from SDSU logged the test borings and took immediate possession of the soil samples collected from the
borings for laboratory testing.

5.1.3 The Use of Auger Borings

With depths below the ground surface indicated above, the hollow-stem auger borings were drilled in
general accordance with ASTM D 1452-80 (2000), Standard Practice for Soil Investigation and Sampling
by Auger Borings. The borings used a 3-1/4-in inside diameter hollow-stem auger and were advanced
with a truck-mounted drill rig subcontracted by SDSU. The drilling was continuously observed by
engineers from SDSU. Detailed field logs were prepared for each boring. Using the Standard Penetration
Test (SPT) and thin-walled Shelby tubes, we obtained continuous samples at 2-1/2- to 5-ft-depth
intervals.

The borings logs are presented on Figure through Figure at the end of this section.
5.1.4 Standard Penetration Test (SPT) Procedures

The SPT is an approximate measure of soil density and consistency. To be useful, the results must be
used with engineering judgment in conjunction with other tests. The SPT, as described in ASTM D1586-
99, Standard Test Method for Penetration Test and Split-Barrel Sampling of Soils, was used to obtain
disturbed samples. This test employs a standard 2-in outside diameter split-spoon sampler. Using a 140-
Ib hammer, free-falling 30 inches, the sampler is driven into the soil for 18 inches. The number of blows
required to drive the sampler the last 12 inches only is the Standard Penetration Resistance. This
resistance, or blow count, measures the relative density of granular soils and the consistency of cohesive
soils. The blow counts are provided on the boring logs at their respective sample depths.

Soil samples are recovered from the split-barrel sampler, field classified, and placed into zip lock bags.
They were then taken to SDSU’s laboratory for further testing.
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In the Event of Hard Driving

Occasionally, very dense materials preclude driving the total 18-in sample. When this occurs, the
penetration resistance is entered on logs as follows:
Penetration less than 6 inches. The log indicates the total number of blows over the number of
inches of penetration.
Penetration greater than 6 inches. The blow count noted on the log is the sum of the total number
of blows completed after the first six inches of penetration. This sum is expressed over the humber of
inches driven that exceed the first 6 inches. The number of blows needed to drive the first six inches
are not reported. For example, a blow count series of 12 blows for 6 inches, 30 blows for 6 inches,
and 50 (the maximum number of blows counted within a 6-inch increment for SPT) for 3 inches
would be recorded as 80/9.

5.1.5 Use of Thin Wall Tubes

To obtain a relatively undisturbed sample for classification and testing in fine-grain soils, a 3-in-diameter
thin-walled steel tube sampler was pushed hydraulically below the auger in general accordance with
ASTM D-1587, Standard Practice for Thin Walled Tube Sampling of Soils for Geotechnical Purposes.
The tubes were sealed in the field and taken to our laboratory for extrusion, classification, and testing.

Pocket Penetrometer (PP)

The pocket penetrometer procedure provides a quick, approximate test of the consistency (undrained
shear strength) of a cohesive soil sample. The pocket penetrometer device consists of a calibrated spring
mechanism which measures penetration resistance of a 1/4-in-diameter steel tip over a given distance.
The penetration resistance is correlated to the unconfined compressive strength of the soil, which is
typically twice the undrained shear strength of a saturated, cohesive soil. The exploration logs show the
results of the pocket penetrometer tests.

5.2 Geotechnical Laboratory Testing Methods

A laboratory testing program was performed for this study to evaluate the basic index and geotechnical
engineering properties of the site soils. Both disturbed and relatively undisturbed samples were tested.
The tests performed and the procedures followed are outlined below.

5.2.1 Soil Classification

Soil samples from the explorations were visually classified in the field and then taken to our laboratory
where the classifications were verified in a relatively controlled laboratory environment. Field and
laboratory observations include density/consistency, moisture condition, grain size, and plasticity
estimates.

The classifications of selected samples were checked by laboratory tests, such as Atterberg limits
determinations and grain size analyses. Classifications were made in general accordance with the Unified
Soil Classification (USC) System as outlined in ASTM D2487, Standard Classification of Soils for
Engineering Purposes.
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5.2.2 Water Content Determinations

As soon as possible following their arrival in our laboratory, water contents were determined for most
samples recovered in the explorations in general accordance with ASTM D2216, Standard Test Method
for Laboratory Determination of Water (Moisture) Content of Soil and Rock by Mass. Water contents
were not determined for very small samples or samples where large gravel contents would result in values
considered unrepresentative. The results of these tests are plotted at the respective sample depth on the
exploration logs. In addition, water contents are routinely determined for samples subjected to other
testing. These are also presented on the exploration logs where appropriate.

5.2.3 Atterberg Limits (AL)

The research team determined Atterberg limits for selected fine-grained soil samples. The liquid limit
and plastic limit were determined in general accordance with ASTM D4318-00, Standard Test Methods
for Liquid Limit, Plastic Limit, and Plasticity Index of Soils. The results of the Atterberg limits analyses
are presented in Figure , relating the plasticity index (liquid limit minus the plastic limit) to the liquid
limit.

5.2.4 Grain Size Analysis (GS)

Grain size distribution was analyzed on representative samples in general accordance with ASTM D422-
63 (2002), Standard Test Method for Particle-Size Analysis of Soils. Wet sieve analysis was used to
determine the size distribution greater than the U.S. No. 200 mesh sieve. The size distribution for particles
smaller than the No. 200 mesh sieve was determined by the hydrometer method for selected samples in
accordance with ASTM D422-63 (2002). The results of the tests are presented on Figure , plotting percent
finer by weight versus grain size.

5.2.5 200-Wash

Samples were also subjected to a modified grain size classification known as a 200-wash. The samples
were wet sieved through the No. 200 mesh sieve to determine the relative percentages of coarse- and fine-
grained material in the samples. The tests were performed in general accordance with ASTM D 1140-00,
Standard Test Methods for Amount of Material in Soils Finer Than the No. 200 (75-um) Sieve. The
results are presented as a single point plotted on the No. 200 sieve line on Figure , representing the
percentage of the sample finer than the No. 200 sieve.

5.3 Site Specific Subsurface Interpretation

This section presents summary information on subsurface conditions encountered at the study sites, based
on geotechnical field testing and laboratory testing. Generalized subsurface profiles are presented in
Figure through Figure for the three study sites. Exploration locations advanced for this study as well as
detailed data collected from the subsurface explorations are presented as previously discussed.

The primary focus of the subsurface exploration program was two-fold. First, explorations were
advanced to delineate subsurface conditions in an effort to ascertain where cohesive soils conditions exist
in the soil profile for scour analysis. Second, the explorations were advanced to obtain thin wall tube
samples for specific EFA testing. Subsurface soil conditions were interpreted from materials obtained in
the explorations at the sites and from soil properties inferred from laboratory tests. This interpretation
formed the basis for the information contained in this study. Variations among borings are expected to
exist given the soil depositional environment under which the soil stratigraphy formed. In some cases,
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the variation may be significant due to the variability in gradation and density/consistency of the site
soils.

The subsurface conditions at the three study sites were evaluated separately. Descriptions of the
subsurface conditions for each study site are in the following sections. Given a primary goal of this study
was to collect thin wall soil samples for EFA testing, emphasis is given to that information.

5.3.1 Big Sioux River Site

Three thin wall tube samples were obtained from boring B-1 and seven thin wall tube samples were
obtained from boring B-2 at the Big Sioux River site. Thin wall tube samples could not be obtained in the
intermediate layers of coarse gravelly sand and coarse/medium sand. Review of the original bridge
drawings and measured river bottom profiles show that the original channel bed (June 20, 1992) and the
bottom of the scour hole (July 7, 1993) at the northern-most pier (bent 2) on the upstream side of the
bridge were at approximately elevation 1520 ft and 1513 ft, respectively. The depths in boring B-1
corresponding to these elevations are approximately 23 ft and 30 ft. The initial measured channel bed
(June 20, 1992) at the southern-most pier (bent 4) on the upstream side of the bridge was at approximately
elevation 1523 ft, corresponding to a depth of approximately 24 ft in boring B-2. Correlated elevations
are presented on the boring logs in Figures 5.6-5.9.

Generalized subsurface conditions at the Flandreau site are shown on Figure . The figure also includes
the measured river bottom profiles and foundation depths for the bridge. The observed scour is consistent
with the boring data and velocity data (discussed in Section 7) of this report. The scour hole around the
northern-most pier (bent 2) was likely associated with non-cohesive soils consisting of silty fine sand
and/or coarse gravelly sand. Less scour was observed around the southern-most pier (bent 4), which is
likely associated with more erosion resistant soils (e.g., organic silt) and the lower magnitude of flow
velocities found at this location (see Section 7). Three thin wall tube samples, B-1 P-7 (silty fine sand),
B-2 P-12 (organic silt), and B-2 P-14 (silty fine sand), were selected from this site for EFA testing.

The general site soil materials that were observed during drilling included about 15 feet of loose to
medium dense fill soils overlying alluvial soils consisting of interbedded silts, clays, and sands. At a
depth of about 20 feet, black organic silt was encountered at the south abutment. Coarser grained
materials were observed at the north abutment. Groundwater was observed at a depth of about 18 feet and
33 feet at the north and south abutments, respectively.

5.3.2 Split Rock Creek Site

Three thin wall tube samples were collected at borings B-3 and B-4, five thin wall tube samples were
collected at boring B-5, and four thin wall tube samples were collected at boring B-6. Five thin wall tube
samples from elevations around the bottom of the low-flow channels were selected from the four boring
for EFA testing. The samples tested were B-4 P-2 (clay), B-5 P-10 (slightly gravelly sand), B-5 P-12
(gravelly sand to sandy gravel), B-6 P-6 (silty clay), and B-6 P-8 (silty fine sand).

Generalized subsurface conditions at the Split Rock Creek site are shown on Figure . This figure also
includes the measured river bottom profiles and foundation depths for the bridge. Most of the scouring
occurred in the low-flow channel, which is confined to the center part of bridge opening, with the deepest
measured scour around bent 3. The initial measured channel bottom (July 2, 1992) and scoured bed (May
8, 1993) at bent 3 is at approximately elevation 1302 and 1300 ft, respectively. The creek bed is offset
quite a distance from the borings and is reflected on the cross section. Correlated elevations are presented
on the boring logs in Figures 5.10-5.14.
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The general site soil materials that were observed during drilling included about 10 to 15 feet of loose to
medium dense fill soils overlying alluvial soils consisting of interbedded silts, clays, and sands. More
silts and clays were generally encountered at the east abutment with coarser grained materials being
observed at the west abutment. Groundwater was observed at a depth of about 26 feet at the west
abutment.

5.3.3 White River Site

Subsurface explorations performed at the White River site included four borings. Four thin wall tube
samples were tested by SDSU at the Minnesota Department of Transportation (MNDOT) Materials
Laboratory. Two additional thin wall tube soil samples from duplicate soil locations were tested at TAMU
to assess the repeatability of the EFA tests conducted by SDSU. This is discussed in detail in Section 6.
Duplicate samples were obtained by drilling an adjacent bore hole approximately 5 lateral feet from an
existing bore hole and obtaining soil samples at the same elevation as the adjacent samples. TAMU
returned unused soils to SDSU for further laboratory testing. To verify that the duplicate samples were of
equivalent soil, soil index and property tests were performed on samples tested by both TAMU and
SDSU, except for B-9 P-2 where no soil was returned to SDSU by TAMU. The results of these tests are
shown in Figure -5.25.

Four thin wall tube samples were collected from boring B-7, no thin wall tube samples were collected at
boring B-8, two thin wall tube samples were collected at boring B-9, and two thin wall tube samples were
collected at boring B-10. Six thin wall tube samples from elevations around the bottom of the low-flow
channels were selected from the four boreholes for EFA testing. The samples tested were B-7 P-10 (silt),
B-7 P-12 (silty sandy gravel), B-10 P-5 (very silty fine sand), and B-10 P-7 (slightly silty very sandy
gravel). Two thin wall tube samples, B-9 P-1 (corresponding to B-7 P-10) and B-9 P-2 (corresponding to
B-7 P-12) from the same site, were selected for duplicate EFA testing and conducted by Texas A&M
University.

Generalized subsurface conditions at the White River site are shown on Figure . This figure also includes
the measured river bottom profiles and foundation depths for the bridge. Most of the scouring occurred in
the low-flow channel which is confined to the center part of bridge opening, with the deepest measured
scour around bent 2. The initial measured channel bottom (August 22, 1991) and scoured bed (May 8,
1993) at bent 2 are at approximately elevation 1566 and 1562 feet, respectively. These elevations
correspond to a depth of approximately 20 and 24 feet in boring B-8. Correlated elevations are presented
on the boring logs in Figures 5.15-5.19.

The general site soil materials that were observed during drilling included about 9 feet of loose to medium
dense fill soils overlying alluvial soils consisting of interbedded silts, sands, and gravels. Silts were
generally encountered at the north abutment with coarser grained materials being observed at the south
abutment. Groundwater was observed at a depth of about 26 feet at the north abutment.

44



Key to Exploration Logs Sheet 1 of 2
SAMPLES
g () o\o X
g £ 5 251§ MATERIAL DESCRIPTION | REMARKS AND
5 g, é 5% 3 5 & OTHER TESTS
[%] [S] =C
et & 2 888 =8
6] 9]

COLUMN DESCRIPTIONS
Elevation: Elevation in feet referenced to mean

seal level (MSL) or site daum.
Depth: Depth in feet below ground surface.

Sample Type: Type of soil sample collected at
depth interval shown (graphic symbols shown
below).

P - Thin wall tube sample.

C - Denison or Pitcher type sample.

PS - Piston sample.

A - Auger cuttings sample.

B - Bulk/grab sample.

S - Standard spoon sample.

L - Liner sample.

Sample Number: Sample identification number.

Sampling Resistence: Number of blows required
to advance a driven sampler 12 inches (after the
first 6 inches), or distance notes, using a 140 pound

hammer with a 30 inch drop (or otherwise noted).
When applicable, indicates pressure used to push a
thin-wall tube the last 6 inches.

OTHER GRAPHIS SYMBOLS

<~  Water level encountered at time of drilling and
- sampling (ATD).
W  Static water level measured in boring at

indicated date after drilling.

Change in materials properties within a litholic
stratum.

————— Inferred contact between stata or gradational
change in lithology.

GENERAL NOTES
1.
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Soil classifications are based on the Unified Soil Classficiation System. Descriptions and stratum lines are
interpretive; actual lithologic changes may be gradual.
results of laboratory tests where deemed appropriate.
Descriptions of these logs apply only at the specific boring locations and at the time the borings were

advanced. They are not warranted to be representative of subsurface conditions at other locations or times.

COLUMN DESCRIPTIONS (CONTINUED)
@ Recovery: Percentage of driven or pushed sample
length recovered (NA - not recorded).

Material Description: Description of material
ecnountered including density/consistency, moisture,
color, and grain size.

E Water Content: Water content measured in the

laboratory.
Remarks and Other Tests: Comments and
obervations regarding drilling and sampling by drill
or field personnel. Other field and laboratory test
results, using the following abbreviations:

C - Consolidation tests.

DS - Direct shear tests.

HA - Hydrometer analysis.

LL - Liquid limit (Atterberg limits tests).

K - Permeabilty tests.

MA - Mechanical sieve analysis.

Pl - Plasticity index (Atterberg limits tests).

PP - Pocket Penetrometer

SG - Specific gravity tests.

TX - Triaxial strength tests.

U - Unconfined compression strength tests.

W - Total unit weight tests.

TYPICAL SAMPLER GRAPHIC SYMBOLS

Standard Penetra- California
% tion (SPT) split spoon (3-inch OD)

Shelby tube (3-inch Bulk/Grab

OD, thin wall) D sample.

|

Field descriptions may have been modified to refelct

South Daketa State University

Figure 5.1 Key to exploration logs



Key to Soil Symbols and Terms Sheet 2 of 2

TERMS DESCRIBING CONSISTENCY OR CONDITION
COARE-GRAINED SOILS (major portion retained on No. 200 sieve): includes (1) clean gravels and sands and (2) silty or clayey gravels and
sands. Condition is rated according to relative density as determined by laboratory tests or standard penetration resistance tests.
Descriptive Term Relative Density SPT Blow Count
Very loose 0to 15% <2
Loose 15 to 35% 41010
Medium dense 35 to 35% 10to 30
Dense 65 to 85% 30 to 50
Very dense 85 to 100% >50
FINE-GRAINED SOILS (major portion passing on No. 200 sieve): includes (1) inorganic and organic silts and clays, (2) gravelly, sandy, or silty
clays, and (3) clayey silts. Consistency is rated according to shearing strength, as indicated by penetrometer readings, SPT blow count, or
unconfined compression tests.
Unconfined Compressive fE’éFRAfL NfOTES based on the Unifed Soil Classification Syst d
H H . lassifications are based on the Uniftes o]| lassification System an
Descriptive Term Strength' kPa STP Blow Count include consistency, moisture, and color. Field descriptions have been
Very soft <25 <2 modified to relfect results of laboratory tests where deemed appropriate.
Soft 25t0 50 2to 4 2. Surface elevations are based on topographical maps and estimated
Medium stiff 50 to 100 4t08 locations. . o .
Ny 3. Descriptions on these boring logs apply only at the specific boring locations|
Stiff 100 to 200 8to 15 and at the time the borings were made. They are not warranted to be
Very Stiff 200 to 400 15 to 30 representative of subsurface conditions at other locations or times.
Hard > 400 > 30
. - Group . — -
Major Divisions Symbot Typical Names Laboratory Classification Criteria
@ 7 Well-graded gravels o
— o @ . > ¥ = : Ce= 2, o IS8T
5 5 =8 &| ew |gravel-sand mixtures, litdle or | g § Cu=D10/D60 greater than 4; Cc=(D10)%(D10xD60) N gl * b ﬁ
R EER no fines ; between 1 and 3 o|§ 228
(=) =
%’ 22|55 Poorly-graded gravels, ¢ & % B|v § Q-
D | % X 8 g GP | gravel-sand mixtures, little or |3 & E Not meeting all gradation requirments for GW © n PELRS
=] % 3|~ no fines g2 E, S
NS 28 o5 . ol £ : wpn
g O E = E%é GM*i Silty gravelsl, gravel-sand-silt gé é_ A'Eterberg limts below "A" | Apove "A" line with P.I. %
% <l 3 £ %‘g“a u mixtures e 593 ine or P.1. less than 4 between4and 7 are | E
S 8 lasE 2E. > o i iring|
2 s 99 §§§ ae Clayey gravels, 5 §§% % § Atterberg limits above "A" borderlmfedcasles retc’]ullrlng dge
25 27| gravel-sand-silt mixtures %-O o 2|line or P.I. greater than 7| US€ Of dual Symbois 3ol <«
= = = N~ <
s < © mE%“’QE E|lQ| 20 o
5ol 2 P E43= 5 ==
‘f.) 2 Solg g Sw Well—grade-_d sands, g_ravelly § %%5 C.=D1/D6o greater than 4; Cc=(D10)?/(D10XDso) E (\:,’ E §8
g '% '§ N & 5 sands, little or no fines §§ . between 1 and 3 S oo
SE t¢lcs g
o ot 5 - 15 : g :
E % 2 § % gp |Poorly-graded sands, gravelly | g § | Not meeting all gradation requirments for SW
Slg 8™ 3 sands, little or no fines g HE8
= g -3
£1322/8,3_ | B2 Bl rberg imts below "A" =15 Eg
< ' 88 é%: SM*— Silty sands, sand-silt mixtures S@Eé g | Auerberg fimts below Above "A"line withP.l. | 8 |55 ¢ 5 7
< = fg=Ncha u el q| ineorP.l less than 4 between 4 and 7 are o |C|SES D0
o B592 ESPE82 borderi g & |S[BE=0
S| = ®|55E . wan =
Sl e g %§§ sc | Clayeysands, sand-clay £ & B~ = v |Atterberg limits above "A Oruseé Igfedzzslzs ;:’S;g'”g z |z
s 89 §v§ mixtures §8 line or P.I. greater than 7 V!
v Tnorganic sifts and very fine sands,
> . .
2 w8 ML | rock flour, silty or clayey fine sands .o |E|E
o F] or clayey silts with slight plasticity B[FOR CLASSIFICATION OF FINE-GRAINED e ol £ & N8
Q| ©o=g Tnorganic clays of Tow to medium SOILS AND FINE-GRAINED FRACTION OF | 3 o |3le
N E® " RICOARSE-GRAINED SOILS > 2le =|g=
o) Bic CL | plasticity, gravelly clays, sandy T ) (7] - :
z g ] . = s o ?t R =
< S g < clays, silty clays, lean clays E 3t z = 2 %‘ o oy N
wE| B35 pL |Organicsilts and organic sitty| 2 | S /by o
B & ~ clays of low plasticity g w RS £ <
N3 s} P IS Il
BE = Inorganic silts, micaceous or 5 oSt - a %o S S
£ 0 » % MH | diatomaceous fine sandy or 3 e Elago |Dle
0B o silty sails, elastic silts =8 o Elog @
¢8| 923 | ic clays of high g S S99l
28| 2% B cH norganic clays of hig QF 0 -~ 8
E 838 plasticity, fat clays ° /O\f H or|OH
o 232" o A
S| @ é} DH Organic clays of medium to ST T loroL = 8 gl
c = high plasticity, organic silts 0 101620 30 40 50 60 70 80 90 100 110 c = o gl2lo
@ o (9 c gL
< o LIQUID LIMIT (LL) g 35323
o 2c o Peat and other highly organic s |5 ol8
2 ] Pt . [©)
S 208 soils Plasticity Chart
2| Io
* Divisions of GM and SM groups into subdivisions of d and u are for roads and airfields only. Subdivision is based on Atterberg
Limits: suffix d used when L.L. is 28 or less; the suffix u used when the L.L. is greater than 28
** Borderline classications, used for soils possessing characteristics of two groups, are designated by combinations of group symbols.
For example: GW-GC, well-graded gravel-sand mixture with clay binder.

South Dakeota State University

Figure 5.2 Key to exploration logs (continued)
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Site & Exploration Plan - Big Sioux River
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Figure 5.3 Site and exploration plan for the Big Sioux River study site
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Site & Exploration Plan - Split Rock Creek
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Figure 5.4 Site and exploration plan for the Split Rock Creek study site
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Site & Exploration Plan - White River
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Figure 5.5 Site and exploration plan for the White River study site
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Project: Evaluation of SRICOS Method .
i i Log of Boring B-1
Project Location: Flandreau, SD
Project Number: SD2006 - 08 Sheet 1 of 2
B?iltli(g) 6-12-07 Logged By A.Jones/R. Larsen Checked By  A. Jones
Drilli Drill Bit o _ . Total Depth
Mgthnc?d HSA Sirée/‘l'lype OD=6in. ID=3.25in. ofoB?oreﬁgle 55.51t.
%r’IIIJleng Mobil BS7 ggwggctor GeoTek Engr. & Testing Elltjar\f/g(t:i(e)n 1543 ft.*
Groundwat Sampli H ;
Ler\cl)glrzs)wa er 1sit. M%%%(lj'}g) Shelby Tube / SPT Dg{\;mer Standard Trip Hammer
Borehole . . . Flandreau, SD, Highway 13 bridge over the Big Sioux River, 107 feet north, 7
Backfill Drill cuttings Location feet east from the northwest corner of the north abutment.
SAMPLES
c X
S g = N3
© £ L | 2c| 2 ;| REMARKS AND
5 £ MATERIAL DESCRIPTION IS
5 g | 2|55 2 = & OTHER TESTS
L S8 tEg § f-
feet Pl Z | o @ =0
] Four and one-half inches of asphalt concrete over fourteen Start at 07:15.
- inches of base coarse over medium stiff, brown to gray,
:X S-1| 6 | 66 | moist, gravelly, sandy silt (fill). 12
+S-2A 15
5 — 9 |66
—X S-2B , _ _ _ 19
] Stiff, brown, moist, sandy silt/clay (fill).
:X S-3| 10 |44 18
10—_X S-4| 15 |55 17
EXs-sA s |es 17
-+ NS-5B Stiff, mottled brown/gray, moist, slightly sandy silt 17
] ] (filD). [ ]
15__X S-6| 28 | 66 _ _ _ 6
. Very stiff, mottled white/brown/black, moist to dry, gravelly
] sandy silt (fill).
] Soft, gray, wet, very silty fine sand.
20— 30
] P-7 100 PP = 0.5 tsf
] S-8| 2 |100 31
25—_X sS-9 | 11 | 77 | Medium dense, gray, wet, coarse sand. 17 | 24 in. of heave.
51
30~/ S-10
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Figure 5.6 Log of boring B-1
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Project: Evaluation of SRICOS Method .
i i Log of Boring B-1
Project Location: Flandreau, SD
Project Number: SD2006 - 08 Sheet 2 of 2
SAMPLES
s ES
9o 3 = S
= o ;
s =5 7| S8 © MATERIAL DESCRIPTION = REMARKS AND
2 @ 2|85 3 5 & OTHER TESTS
L 0|8 E|€5| o = E
=] cTL| D o
feet3 0P| Z |0nx| & =0
1/\/S-10| 10 |55 . 9 )
] Medium dense, gray, wet, gravelly sand. 18 in. of heave.
35 —_E s-11| 6 |33 9 | 18in. of heave.
E Medium dense, gray, wet, medium sand.
40 iE S-12| 12 |55 9
] Very dense, grayto brown, wet, coarse to medium sand.
45 iE S-13| 60 |50 9
E Very stiff, gray, moist, sandy silt/clay (possible glacial till).
50 iX S-14| 22 |83 9
E P15 100 Brown to gray, moist, slightly sandy clay. PP = 3.5 tsf
55 1 P-16 77
E * Elevation referenced to lower steel at north abutment. End at 09:45.
- Elevation taken from Scour Assessments And
1 Sediment-Transport Simulation For Selected Bridge Sites
] In South Dakota prepared by Colin A. Niehus (1996).
60—
65—

South Dakota State University

Figure 5.7 Log of boring B-1 (continued)
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Project: Evaluation of SRICOS Method .
. . Log of Boring B-2
Project Location: Flandreau, SD
Project Number: SD2006 - 08 Sheet 1 of 2
Bﬁltﬁe(g) 6-12-07 Logged By  A.Jones/R. Larsen Checked By A. Jones
Drilli Drill Bit o _ . Total Depth
Mr(-;thnc?d HSA Sirée/TIype OD=6in. ID=3.25in. ofoBaoreﬁgIe 51ft.
Dipe S Mobi 857 RonScior  Ge0Tek Engr. & Tesing Siacen  1s47ns
G dwat S li Hammer :
Ler\(/)gI?S)Wa er 33t Maert?ﬁ)gg) Shelby Tube / SPT Data Standard Trip Hammer
Borehole ; : . Flandreau, SD, Highway 13 bridge over the Big Sioux River, 100 feet south, 6
Backfill Drill cuttings Location feet east from the southwest corner of the south abutment.
SAMPLES
.5 o °\o N
= o > -
g £ S| €5 & MATERIAL DESCRIPTION | REMARKS AND
Q@ [ o |86 3 5 @ OTHER TESTS
w 0|8 E|€a| o wE
> > © (3} o
feet 0o _FlZ2 oz @ =0
] Six inches of asphalt concrete over eighteen inches of Start at 10:00.
. base coarse over loose, dark gray to dark brown, moist,
:X S-1| 6 | 61| gravelly very sitly sand (fill). 6
5 _’X s-2| 7 |38 | Medium stiff, brown to gray, moist, fine sandy silt (fill). 16
:X S-3| 8 |50 16
10— Loose, brown, moist to wet, very silty sand with some
X S-4| 8 |66 | gravel (fill). 15
] Stiff, gray to tan, moist, fine sandy silt (fill).
ZX S5| 9 |55 aray y silt (fl) 15
15— Medium dense, brown, moist to wet, slightly gravelly, very
:X S-6| 18 |55 silty, fine to coarse sand (fill). 9
] Medium stiff, gray, moist, slightly gravelly slightly sandy silt.
20 _,X s7| 8 |83 11
d P-8 88 F———————————— — — — — — — — — — B PP > 4.5 tsf
il - Very stiff, brown, moist, silty clay [
A 17
b5 /\[S98| 23 |88 | Verysif, mottled gray, moist, very sandy sitt |}
<14 |P-10 100 | Medium dense, gray, moist to wet, silty sand with some PP = 0.75 tsf
] gravel. 9
3 g_ﬂg 27 |4 F————————— —— == —— = ——
] Medium dense, gray moist, slightly gravelly sand 10
] Black, moist, organic silt with abundant organic fibers.
30 _mnP-12 9 9

South Dakota State University

Figure 5.8 Log of boring B-2
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Project: Evaluation of SRICOS Method .
. . Log of Boring B-2
Project Location: Flandreua, SD
Project Number: SD2006 - 08 Sheet 2 of 2
SAMPLES
s ES
Re) Q - X
8 £ o | 2 ~:| REMARKS AND
> o o | 8| © MATERIAL DESCRIPTION 1=
Q ) o | ah| 2 = 0| OTHER TESTS
W O|8 E Ev| 3 £
S 53 | co| @ TS
feet307 F| 2 | | @ 20
:]L p-12 100/ Soft, black, moist to wet, organic silt with abundant organic| 48 | pp = 2.75 tsf
- fibers.
ZX s-13| 2 100! Soft, black, wet, very silty fine sand to very fine sandy silt. | 28 |~
35_:1 P-14 100 Loose, dark brown to black, wet, silty fine sand. 28 | pp = 1.25 tsf
1 Loose, tan/gray, wet, sandy gravel.
:XS—ISA 7 e gray yd 12
] S158 Medium stiff, brown & tan, moist to wet, very sandy silt 20
40;][ P-16 100 PP > 4.5 tsf
:X S-17| 18 | 77 20
45_][ P-18 100 PP = 2.5 tsf
:X S-19| 13 |100 23
B | Medium stiff, mottled gray/tan, moist clay/silt with fine |
50— | |P-20 100| gravel. PP > 4.5 tsf
: ) End at 12:20.
] * Elevation referenced to lower steel at south abutment.
. Elevation taken from Scour Assessments And
] Sediment-Transport Simulation For Selected Bridge Sites
55— In South Dakota prepared by Colin A. Niehus (1996).
60—
65—

South Dakota State University

Figure 5.9 Log of boring B-2 (continued)
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Project: Evaluation of SRICOS Method .
i ) Log of Boring B-3
Project Location: Brandon, SD
Project Number: SD2006-08 Sheet 1 of 1
Bﬁltlfe(g) 07-17-07 Logged By  A.Jones/R. Larsen Checked By A. Jones
Drilli Drill Bit o _ : Total Depth
Methe),  HSA S{;err'ype OD=6in. ID=3.25in. ofboratole 2561t
Drill Ri Drilli ; Surf R
Pipe S 8o Roiscior  GeOTek Engr. & Testng Simoeen 13
G dwat S li Hammer ;
Lé\c/’gl?s)v"a €l None M%%%g}g) Shelby Tube/ SPT Data: Standard Trip Hammer
Borehole . . . Brandon, SD, 1-90 bridge over Split-Rock Creek, 67 feet east, 33 feet north,
Backfill Drill cuttings Location from the northeast corner of the east abutment.
SAMPLES
.5 ol °\° N
= o o) -
s = 5 £5| 6 MATERIAL DESCRIPTION = REMARKS AND
2 o S |85 3 5 & OTHER TESTS
L 08 E|l€n| o 3=
S 5 | co| @ o
feet o IFl 2 ox|c =0
] Medium dense to stiff, light brown to mottled tan, moist, Start at 07:30.
i gravelly silty fine sand to gravelly fine sandy silt (fill).
:X S-1| 11 |83 19
5 _,X S-2| 11 |83 21
:X S-3| 8 |78 21
] Perched water.
10__X s-4| 7 |100 23
:X s-5 | 11 | 83 | Stiff, mottled, brown, black, & gray, moist, slightly gravelly | 19
- fine sandy silt.
15_,X S-6| 13 | 94 18
] Mottled, light tan & brown, moist clay.
20—
] P-7 100 PP=2.0 tsf
] S-8 | 13 100 Medium dense, mottled, tan, moist, very silty fine sand. 33
25— s-9 |96/7"|100 White, moderately weathered silt stone.
] * Elevation referenced to lower steel at east abutment. Stop at 08:30.
- Elevation taken from Analysis of Scour Potential for
i Bridge Structures Nos. 50-284-165 and 50-284-166 Split
] Rock Creek Near Brandon, SD Interstates 90 East and
30 West Appendix 6 prepared by Colin A. Niehus (Jan 1993).

Figure 5.10 Log of boring B-3
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Figure 5.11 Log of boring B-4
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Project: Evaluation of SRICOS Method .
i ) Log of Boring B-4
Project Location: Brandon, SD
Project Number: SD2006-08 Sheet 1 of 1
Bﬁltl(?e(g) 07-17-07 Logged By A. Jones/R. Larsen Checked By A. Jones
Drillin Drill Bit A _ ; Total Depth
Methogd HSA Size/Type OD=6in. ID=3.25in. of Borehgle 2201
Pipe o 8o Romirscior  GoTek Engr. & Testng Siace, 1
G dwat S li Hammer ;
Ler\c/)gl?s)wa €' None M%%%(Ijrg) Shelby Tube D, Standard Trip Hammer
Borehole . . . Brandon, SD, 1-90 bridge over Split-Rock Creek, 62 feet east, 33 feet north,
Backfill Drill cuttings Location from the northeast corner of the east abutment.
SAMPLES
s g °\: S
- m -
T = 5 £5| & MATERIAL DESCRIPTION = REMARKS AND
Q@ ) o |8k | 3 5 & OTHER TESTS
L 08 E|l€n| o =
S 5 | co| © o
feet o Fl 2 ox =0
] Drilled without sampling to 12.0-foot-depth. Start at 08:40.
5
10—
i Mottled, brown, black, & gray, moist, slightly gravelly fine
] P-1 83 sandy silt. PP = 3.5 tsf
15—
] Mottled, light tan & brown, moist, clay.
20—
1 I P-2 67 16 | PP =1.25 tsf
] * Elevation referenced to lower steel at east abutment. End at 09:00.
. Elevation taken from Analysis of Scour Potential for
25— Bridge Structures Nos. 50-284-165 and 50-284-166 Split
] Rock Creek Near Brandon, SD Interstates 90 East and
: West Appendix 6 prepared by Colin A. Niehus (Jan
1 1993).
30—
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Project: Evaluation of SRICOS Method .
i _ Log of Boring B-5
Project Location: Brandon, SD
Project Number: SD2006-08 Sheet 1 of 2
Bﬁltli(g) 07-17-07 Logged By  A.Jones/R. Larsen Checked By  A. Jones
Drillin Drill Bit A _ : Total Depth
Métlhogd HSA Siéel‘l’lype OD=6in. ID=3.25in. of Borehgle 3471t
Dpe® 857 Romieior  Ge0Tek Engr & Testing Simacen 131
G dwat S li Hammer ;
Ler\cl)gl?s)wa e 26.01t Mi%%gg) Shelby Tube / SPT Do Standard Trip Hammer
Borehole . . . Brandon, SD, 1-90 bridge over Split-Rock Creek, 43 feet west, 6 feet north,
Backfill Drill cuttings Location from the northwest corner of the west abutment.
SAMPLES
c X
g 8 £
s 5 s 25| 5 MATERIAL DESCRIPTION = REMARKS AND
Q © S |8kl 3 5 @ OTHER TESTS
28 E gg g 85
feet Pl Z | o | @ =0
1 Loose to stiff, brown & gray, moist, very silty sand to Start at 09:20.
: slightly gravelly fine sandy silt (fill).
J S-1| 7 |61 13
5
J S-2| 7 |89 15
ZX S-3] 9 |89 12
10— |s4| 13 |89 30
J PP =2.75 tsf
] P-5 71
N/s-6A
\seg 13 |100 21
15— Stiff, mottled, black & gray, moist, fine sandy silt. PP = 3.0 tsf
1 P-7 100
] S-8 | 19 |100| Medium dense, black, moist to dry, very silty sand. 20
] P-9 100| Loose, interbedded black & white, moist, slightly silty PP=1.0 tsf
20— gravelly sand to slightly gravelly medium sand.
1] P10 100
1X|s-11] 5 |100 19
10 lp-12 33 | Loose to medium dense, brown & black, wet, gravelly 19
25— medium sand to slightly sandy gravel. <
1X|S-13] 3 |72 22 -
1X|S-14| 12 |72
30— /AS15 4 |17

Figure 5.12 Log of boring B-5
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Project: Evaluation of SRICOS Method .
i _ Log of Boring B-5
Project Location: Brandon, SD
Project Number: SD2006-08 Sheet 2 of 2
SAMPLES
c X
ke 8| = L
T £ oc | 2 ;| REMARKS AND
2 o | E MATERIAL DESCRIPTION e
5 g | 2|55 2 = & OTHER TESTS
(I 0|8 E|En| O e
= S V| O o
feet30 F Z|nx| =0
1/\/S-15 Loose, gray, wet, slightly gravelly coarse sand.
:X S-16) 4 |44
351 S-17/50/2"| 11 | White, moderately weatherd silt stone.
y _ Stop at 10:50.
] * Elevation referenced to lower steel at east abutment.
- Elevation taken from Analysis of Scour Potential for
1 Bridge Structures Nos. 50-284-165 and 50-284-166 Split
] Rock Creek Near Brandon, SD Interstates 90 East and
: West Appendix 6 prepared by Colin A. Niehus (Jan
40— 1993).
45—
50—
55—
60—
65—

South Dakeota State University

Figure 5.13 Log of boring B-5 (continued)
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Project: Evaluation of SRICOS Method
Project Location: Brandon, SD

Log of Boring B-6

30

Project Number: SD2006-08 Sheet 1 of 1
Bﬁh%(? 07-17-07 Logged By  A.Jones/R. Larsen Checked By  A. Jones
Drilli Drill Bit o _ . Total Depth
Mgtknogd HSA Sirée/'l'lype OD=6in. ID=3.25in. ofoBaoreﬁgle 2781t
?{,‘geR'g B57 Driling ., GeoTek Engr. & Testing Surface 1343
E;é\cluglrgg)water 21.0ft I\SA%%F())l&g) Shelby Tube / SPT ngmer Standard Trip Hammer
Borehole . . . Brandon, SD, 1-90 bridge over Split-Rock Creek, 19 feet east, 6 feet south,
Backfill Drill cuttings Location from the southeast corner of the east abutment.
SAMPLES
(=)
g g > <
T =5 51 25| 6 MATERIAL DESCRIPTION | REMARKS AND
Q [} 2 |2an| 3 5 O OTHER TESTS
L O|g E|Ea| O =c
=] CL | O <]
feet o IFL 2|0 x| x =0
] Medium dense to loose, brown, moist, very silty sand to Start at 12:10.
7 slightly gravelly very silty sand (fill).
ZE S-1] 11 |78 11
5 —_E S-2| 8 |56 15
iE S-3| 10 |67 19
10—] Medium stiff to stiff, light brown & tan, moist, very sandy
,E S-41 4 |83 gt 24
iX S-5| 11 |67 20
15— Mottled, light brown/gray, moist silty clay.
7 P-6 83 26
] S-7| 6 |83 24
E p-8 gg | Loose, light brown, moist, very silty fine sand. 25
20
i S9| 5 |100 24| 7
E I P-10 100 Medium stiff, mottled, gray & light brown, moist, silty clay.
JX|s-11] 7 |83 23
25
] I P-12 83
] S-13(5310'100| White, moderately weathered silt stone.
] Stop at 13:10.

* Elevation referenced to lower steel at east abutment. Elevation taken
from Analysis of Scour Potential for Bridge Structures Nos. 50-284-165

and 50-284-166 Split Rock Creek Near Brandon, SD Interstates 90

Figure 5.14 Log of boring B-6
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East and West Appendix 6 prepared by Colin A. Niehus (Jan 1993).
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Project: Evaluation of SRICOS Method .
i _ Log of Boring B-7
Project Location: Presho, SD
Project Number: SD2006-08 Sheet 1 of 2
Bﬁltli(c?) 10-11-07 Logged By  A.Jones/R. Larsen Checked By A. Jones
Dpes o7 RoeSeior  GooTek Engr. . Testing Siiace,  1so6t-
G dwat S li Hammer ;
Ler\?gl?s)wa er 2601t M%%%(lj'}g) Shelby Tube / SPT Daia Standard Trip Hammer
Borehole . . . Presho, SD, White River, 19 feet north, 6 feet east, from the northwest corner
Backfill Drill cuttings Location of the north abutment.
SAMPLES
c X
S 8| = L
© £ . | 2| 2 ;) REMARKS AND
= £ MATERIAL DESCRIPTION e
5 g | 2|55 2 = & OTHER TESTS
i Slg Eleg & St
feet g Z | ox| 20
J Medium stiff, brown, moist, slightly sandy to slightly Start at 08:00.
] gravelly silt (fill).
:X S-1| 6 |17 31
5 _,X s-2| 6 |66 31
:X S-3| 3 |61 38
1O;X sa| 6 |100 Stiff, gray to brown, moist, silt. 38
ZX S-5| 8 |100 33
15—:1 P-6 67 PP = 3.5 tsf
ZX S-7| 14 |100 33
20—:I P-8 92 PP = 3.25 tsf
ZX S-9| 9 |100 29
25—_I P-10 100 PP = 2.75 tsf
] ~
ZX S-11| 9 |100 41
:‘ﬂ p-12 75 Medium dense, brown, moist to wet, silty sandy gravel.
30
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Figure 5.15 Log of boring B-7
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Project: Evaluation of SRICOS Method .
i _ Log of Boring B-7
Project Location: Presho SD
Project Number: SD2006-08 Sheet 2 of 2
SAMPLES
c ]
ke 8| = L
© < L | 2c| 2 ;| REMARKS AND
kS = MATERIAL DESCRIPTION e
5 g | 2|55 2 = & OTHER TESTS
(I 0|8 E|En| O e
= S V| O o
feet Fl Z | x| =0
il |
N /S13A 1 16
jXSBB 8 |44 Gray, slightly weathered, shale.
35— X |S-14| 50 |100 Stop at 09:20.
E * Elevation referenced to lower steel at north abutment.
- Elevation taken from Scour Assessments And
1 Sediment-Transport Simulation For Selected Bridge Sites
] In South Dakota prepared by Colin A. Niehus (1996).
40_,
45—
50—
55—
60—
65—

South Dakeota State University

Figure 5.16 Log of boring B-7 (continued)
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Figure 5.17 Log of boring B-8
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Project: Evaluation of SRICOS Method .
. . Log of Boring B-8
Project Location: Presho, SD
Project Number: SD2006-08 Sheet 1 of 1
Bﬁhee(j) 10-11-07 Logged By  A. Jones/R. Larsen Checked By  A. Jones
D e OD=oin D=szsn | lOeRh aasn
DR ge7 Driling . GeoTek Engr. & Testing Surface - 15g6ft.*
Eéeglr(\g)water None I\S/I%mtj)lj:irég) Shelby Tube / SPT Bgtn;mer Standard Trip Hammer
Borehole R R . Presho, SD, White River, 20 feet south, 8 feet east, from the southwest
Backfill Drill cuttings Location corner of the south abutment.
SAMPLES
c X
RS Q - X
T = o2 | = ;| REMARKS AND
> = 5 Ec| © MATERIAL DESCRIPTION ]
Q@ ) S |2aw| 3 5 8| OTHER TESTS
w 0% E|En| O =SE
= 3> cL| D o
feet 0Pl 2 ox|cx =0
] Loose to medium dense, brown, moist, slightly silty sand Start at 09:50.
] (fill).
ZX S-1| 6 |100 7
5 iE s-2| 15 |100 10
1YIS3A| 5 |100 10
+—'S-3B Loose, black to tan, moist, fine silty sand. 10
101 S4A 0 24
-/\[s-4B 10 |100[ | gose, tan, moist, fine to coarse sand. 3
ZK S-5| 5 |67 6
15—,E S-6| 8 |89 15
iE S-7| 6 |78 22
ZOTE s8| 3 |78 22
i | Loose, brown, moist, silty medium to coarse sand. |
ZE S9| 3 |78 28
i | Loose, brown, moist, slightly sandy gravel. |
25—_E s-10| 7 |67 15
E s-11| 49 |100]| Gray, slightly weathered, shale. Stop at 10:50.
30 -
* Elevation referenced to lower steel at south abutment.
Elevation taken from Scour Assessments And
Sediment-Transport Simulation For Selected Bridge Sites
In South Dakota prepared by Colin A. Niehus (1996).
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Project: Evaluation of SRICOS Method .
i ) Log of Boring B-9
Project Location: Presho, SD
Project Number: SD2006-08 Sheet 1 of 1
Bﬁltﬁe(ds) 10-11-07 Logged By  A.Jones/R. Larsen Checked By  A. Jones
Drillin Drill Bit o _ . Total Depth
Methogd HSA Size/Type OD=6in. ID=3.25in. of Borehgle 3101t
Drill Ri Drillin ; Surface %
Type 9 BS7 Contrgctor GeoTek Engr. & Testing Elevation 1596 ft.
Groundwater Samplin Hammer ;
Level(s) None Meth'())d(g) Shelby Tube Dam, Standard Trip Hammer
Borehole . . . Presho, SD, White River, 20 feet north, 9 feet east, from the northwest corner
Backfill Drill cuttings Location of the north abutment.
SAMPLES
IS5 g = <
T = o2 | > ;| REMARKS AND
> = g Ec| © MATERIAL DESCRIPTION =
Q @ S 86| 3 5 o OTHER TESTS
L 0|8 E|€n| o =B=
> > © O () o
feet oFl Z |ox =0
J No sampling to 24 ft-depth. Start at 11:10.
5—
20—
25—]H P-1 100
30—“ p-2 79 Stop at 11:40.
] * Elevation referenced to lower steel at north abutment.
- Elevation taken from Scour Assessments And
] Sediment-Transport Simulation For Selected Bridge Sites
35 In South Dakota prepared by Colin A. Niehus (1996).
40—
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Figure 5.18 Log of boring B-9
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Project: Evaluation of SRICOS Method .
i ) Log of Boring B-10
Project Location: Presho, SD
Project Number: SD2006-08 Sheet 1 of 1
Bﬁltﬁe(ds) 10-11-07 Logged By  A.Jones/R. Larsen Checked By  A. Jones
Drilli Drill Bit I _ . Total Depth
Vathe),  HSA S{;e,T'ype OD=6in. ID=3.25in. of Borehole 22.01t.
Dpe® 857 Romicior GeoTek Engr. & Tesiing Simacen  1se2t
G dwat S li Hammer :
Ler\?gl?s)wa e 101t Maer:?w'())g}g) Shelby Tube / SPT Data Standard Trip Hammer
Borehole . . . Presho, SD, White River, 120 feet north, 36 feet east, from the northeast
Backfill Drill cuttings Location corner of the south abutment.
SAMPLES
8 1 s
-— m -
T = 5|1 £5 & MATERIAL DESCRIPTION < REMARKS AND
2 o S |85 3 5 & OTHER TESTS
L 0|8 E|€n| o =B=
> > © O () o
feet oFl Z |ox =0
J Loose to very loose, tan, dry to wet, very silty fine sand. Start at 12:15.
:X S-1| 4 |72 5
5 —,X s2| 3 |61 8
:X S-3| 2 |78 11
| A4
10 _X s-4| 7 |83 24| =
:[ P-5 100
157 s-6 |1/12"| 61 23
i p.7 gg | Loose, gray, wet, slightly silty very sandy gravel.
] S8 5 |39 28
20—
i Gray, slightly weathered, shale.
i S-9| 30 v, SIghty Stop at 12:55.
] * Elevation referenced to lower steel at south abutment.
4 Elevation taken from Scour Assessments And
J Sediment-Transport Simulation For Selected Bridge Sites
25— In South Dakota prepared by Colin A. Niehus (1996).
30—

Figure 5.19 Log of boring B-10
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Figure 5.20 Generalized subsurface profile for the Big Sioux River study site
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Figure 5.21 Generalized subsurface profile for the Split Rock Creek study site
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Figure 5.22 Generalized subsurface profile for the White River study site
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Figure 5.24 Laboratory testing results for hydrometer analysis testing
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6. RESULTS OF EFA TESTS

6.1 Big Sioux River Bridge

Tables 6.1 to 6.3 summarize the EFA test results from the Big Sioux River Bridge. The test results are
plotted in Figures 6.1 to 6.3. In these tables, and others to follow, V is the cross-sectional average
velocity, Re is the Reynolds number, 7 is the applied bed shear stress, ¢ is the bed roughness height, Az is
the amount of soil erosion, and At is the time to erode Az. The formulae for calculating t are given in

Section 6.4.

Table 6.1 EFA test results for Big Sioux River Bridge; boring B-1 P-7, depth 19.5 to 21.5 ft, very silty

fine sand, test 1 (first table) and test 2 (second table).

v (mis) Re T EN/rnz) T EN/mz) T EN/mZ) T EN/mZ) Az | At | Az/At
(e=0mm) | (e=1mm) | (¢=2mm) | (¢=3mm) | (mm) | (s) | (mm/hr)

0.173 11717 0.11 0.18 0.22 0.26 0 137 0.0
0.335 22689 0.36 0.64 0.81 0.96 0 560 0.0
0.473 32036 0.66 1.25 1.61 191 0 613 0.0
0.628 42534 1.08 2.19 2.83 3.35 0 600 0.0
0.773 52355 1.56 3.30 4.27 5.07 0 600 0.0
1.028 69625 2.57 5.81 7.54 8.96 0 600 0.0
1.177 79717 3.25 7.60 9.87 11.73 0 600 0.0
1.352 91570 4.14 10.01 13.01 15.47 0 569 0.0
1.451 98275 4.69 11.52 14.98 17.82 0 600 0.0
1.682 | 113920 6.07 15.46 20.11 23.93 0 569 0.0
1.894 | 128279 7.47 19.58 25.49 30.33 0 462 0.0
2.126 | 143992 9.15 24.65 32.10 38.20 11 853 46.4
2.388 | 161737 11.21 31.07 40.49 48.18 11 375 105.6
2.611 | 176841 13.11 37.13 48.39 57.59 11 294 134.7
1.703 | 115343 6.21 15.84 20.62 24.53 0 1124 0.0
1.905 | 129024 7.55 19.81 25.79 30.68 1124 0.0
2.044 | 138438 8.54 22.79 29.68 35.31 11 | 1124 35.2
2.265 | 153406 10.22 27.96 36.43 43.35 11 500 79.2
2.565 | 173725 12.71 35.83 46.70 55.58 11 284 139.4
2.702 | 183004 13.92 39.75 51.81 61.67 10 254 141.7
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Table 6.2 EFA test results for Big Sioux River Bridge; boring B-2 P-12, depth 29.5 to 31.5 ft,
organic silt with abundant organic fibers.

v (mis) Re T EN/mZ) T EN/mZ) T EN/mz) T EN/mz) Az At | Az/At
(e=0mm) | (e=1mm) | (¢=2mm) | (¢=3mm) | (mm) | (s) | (mm/hr)
0.333 22554 0.36 0.63 0.80 0.95 0 601 0.0
0.637 43142 111 2.25 291 3.45 0 600 0.0
0.994 67323 2.42 2.43 7.05 8.37 0 1200 0.0
1.147 77685 3.11 7.22 9.37 11.14 0 1200 0.0
1.455 98546 4,71 11.58 15.06 17.91 0 1200 0.0
1.712 | 115952 6.26 16.01 20.84 24.79 0 1200 0.0
1.940 131394 7.79 20.54 26.74 31.82 0 1200 0.0
2.213 149884 9.81 26.70 34.78 41.39 0 1200 0.0
2.424 164175 11.51 32.01 41.71 49.64 11 1275 31.1
2.558 173251 12.65 35.64 46.44 55.28 11 1527 25.9
Table 6.3 EFA test results for Big Sioux River Bridge; boring B-2 P-14, depth 34.0 to 36.0 ft,
silty fine sand.
V(ms) | Re T EN/mZ) T _(N/mz) T EN/mz) T _(N/mz) Az | At | AzZ/At
(e=0mm) | (e=1mm) | (¢e=2mm) | (€=3mm) | (mm) | (s) | (mm/hr)

0.182 12327 0.12 0.19 0.24 0.29 0 606 0.0
0.214 14494 0.16 0.27 0.34 0.40 0 594 0.0
0.253 17135 0.22 0.37 0.47 0.55 0 600 0.0
0.293 | 19845 0.29 0.49 0.62 0.74 0 165 0.0
0.332 | 22486 0.35 0.62 0.80 0.94 0 600 0.0
0.399 | 27024 0.49 0.90 1.15 1.36 11 | 258 | 1535
0.417 28243 0.53 0.98 1.25 1.48 4 721 20.0
0.418 28311 0.53 0.98 1.26 1.49 11 139 284.9
0.497 33661 0.72 1.38 1.78 2.10 10 137 262.8
0.499 33797 0.72 1.39 1.79 2.12 11 72 550.0
0.647 43821 1.14 2.32 3.00 3.56 11 114 347.4
0.659 44633 1.18 241 3.11 3.69 17 974 62.8
1.095 74163 2.86 6.58 8.55 10.16 1 754 4.8
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Figure 6.3 Erosion rate versus shear stress curve for Big Sioux River Bridge; boring B-2 P-14,
depth 34.0 to 36.0 ft, silty fine sand. The bed shear stress is for € = 1 mm.

Figure 6.1 shows the measured erosion rate versus shear stress curve for boring B-1 P-7 from the right
(north) abutment. The elevation of the sample (1,521.5 to 1,523.5 ft) was close to the initial elevation of
the channel bottom (1,520.72 ft; June 22, 1992) at the northern-most pier (bent 2) (see Figure 5.20). The
soil was classified as soft, gray, wet, very silty fine sand. The threshold velocity for erosion was about
1.9 m/s. The soil eroded particle by particle more or less uniformly. The relatively high rate of erosion is
consistent with the deep scour hole observed around bent 2. Two sets of tests (1 and 2) were conducted
on the same thin wall tube sample on two separate days (see Table 6.1). When plotted together, the
results collapse on the same curve, which gives confidence to the repeatability of the tests. In Figure 6.1,
the erosion rate curve is presented for four different values of bed roughness height (¢ =0, 1, 2, and 3
mm). As seen, both the critical shear stress and the slope of the erosion rate curve change considerably
with the roughness height assumed. Increasing the € value will increase the friction factor and thus the
calculated bed shear stress. However, the increase in bed shear stress is greater at high velocities than at
low velocities. Because of this, the critical shear stress increases and the slope of the erosion rate versus
shear stress curve decreases as the roughness height increases. Figure 6.1 was used with the SRICOS
method to predict the local scour at bent 2. The different erosion rate curves were used to conduct a
sensitivity analysis on the effects of critical shear stress and slope of erosion rate versus shear stress curve
on the predicted scour depths.

Figure 6.2 shows the measured erosion rate versus shear stress curve for boring B-2 P-12 from the left
(south) abutment. The elevation of the sample (1,515.5 to 1,517.5 ft) was close to the initial elevation of
the channel bottom (1,523.22 ft; June 22, 1992) at the southern-most pier (bent 4) (see Figure 5.20). The
soil was classified as soft, black, moist to wet, organic silt with abundant organic fibers. The threshold
velocity for erosion was about 2.2 m/s. This soil eroded particle by particle and in chunks. The measured
erosion rate was much smaller compared with the very silty fine sand from boring B-1 P-7. This is
consistent with the much lesser scour observed around bent 4. Figure 6.2 was used to predict the local
scour at bent 4.
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Figure 6.3 shows the measured erosion rate versus shear stress curve for boring B-2 P-14 from the left
(south) abutment. The soil was classified as loose, dark blown to black, wet, silty fine sand. The
threshold velocity for erosion was less than 0.5 m/s. The measured erosion rates were very high, but the
location of the sample suggests that this soil layer would lie below the scour envelope of the southern-
most pier (bent 4). Therefore, Figure 6.3 was not used for scour prediction. The erosion rate versus shear
stress curve is shown for € = 1 mm as an example.

6.2 Split Rock Creek Bridges

Tables 6.4 to 6.8 summarize the EFA test results from the Split Rock Creek bridges. The test results are
plotted in Figures 6.4 to 6.8.

Table 6.4 EFA test results for Split Rock Creek bridges; boring B-4 P-2, depth 20.0 to 22.0 ft, clay

v (mis) Re T EN/rnz) T EN/rnz) T EN/mZ) T EN/mZ) Az At Az/At
(e=0mm) | (e=1mm) | (¢=2mm) | (¢=3mm) | (mm) | (s) | (mm/hr)
0.198 13409 0.14 0.23 0.29 0.34 0 600 0.0
0.260 17627 0.23 0.39 0.49 0.58 0 600 0.0
0.496 33561 0.72 1.37 1.77 2.10 0 600 0.0
0.644 | 43630 1.13 2.30 2.97 3.53 0 600 0.0
0.750 50799 1.48 3.11 4.02 4.78 0 580 0.0
0.794 53806 1.63 3.48 451 5.35 0 1224 0.0
0.878 59475 1.95 4.25 5.50 6.54 0 1560 0.0
0.952 64452 2.24 4.99 6.47 7.68 0 1200 0.0
1.186 80335 3.29 7.72 10.02 11.91 0 1200 0.0
1.421 96273 4.52 11.05 14.37 17.09 0 1200 0.0
1.997 | 135254 8.20 21.76 28.33 33.71 0 1264 0.0
2.348 | 159017 10.88 30.04 39.14 46.58 1 949 3.8
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Table 6.5 EFA test results for Split Rock Creek bridges; boring B-5 P-10, depth 20.0 to 22.0 ft,

slightly silty gravelly sand to slightly gravelly medium sand

v (mis) Re T EN/rnz) T EN/rnz) T EN/mZ) T EN/mZ) Az At Az/At
(e=0mm) | (e=1mm) | (e=2mm) | (¢=3mm) | (mm) | () | (mm/hr)

0.132 8968 0.07 0.11 0.13 0.15 0.0 600 0.0
0.276 18693 0.26 0.44 0.55 0.65 0.0 600 0.0
0.496 33609 0.72 1.37 1.77 2.10 4.0 | 1527 9.4
0.653 44234 1.16 2.36 3.06 3.63 5.0 | 1909 9.4
0.888 60114 1.98 4.34 5.62 6.68 11.0 | 1031 38.4
1.219 82550 3.46 8.15 10.58 12.58 35 | 2136 5.9
1.437 97299 4.61 11.29 14.68 17.47 11.0 | 567 69.8
1.505 | 101911 5.00 12.38 16.11 19.16 31.0 | 140 797.1
1.708 | 115653 6.23 15.93 20.73 24.67 21.0 | 105 720.0

Table 6.6 EFA Test Results for Split Rock Creek bridges; boring B-5 P-12, depth 23.5 to 25.5 ft,
gravelly medium sand to slightly sandy gravel

vms) | Re T EN/mz) T EN/mZ) T EN/mZ) T _(N/mz) Az At | AzZ/At
(e=0mm) | (¢e=1mm) | (¢=2mm) | (e=3mm) | (mm) | (s) | (mm/hr)
0.147 | 9956 0.09 0.13 0.16 0.19 0.0 600 0.0
0.271 | 18355 0.25 0.42 0.53 0.63 0.0 600 0.0
0.479 | 32442 0.67 1.28 1.65 1.96 6.0 367 58.9
0.631 | 42737 1.09 2.21 2.85 3.39 11.0 | 476 83.2
0.802 | 54319 1.66 3.55 4.60 5.46 89.0 | 238 | 1346.2
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Table 6.7 EFA test results for Split Rock Creek bridges; boring B-6 P-6, depth 14.5 to 16.5 ft, silty clay

Vs | Re T EN/mz) T EN/mZ) T EN/mZ) T EN/mz) Az At | Az/At
(e=0mm) | (e=1mm) [ (¢e=2mm) | (¢=3mm) | (mm) | (S) | (mm/hr)
0.113 7653 0.05 0.08 0.10 0.11 0 600 0.0
0.282 | 19100 0.27 0.45 0.58 0.68 0 600 0.0
0.450 | 30478 0.60 1.13 1.46 1.78 0 600 0.0
0.713 | 48291 1.35 2.81 3.64 4.32 0 600 0.0
0.722 | 48900 1.38 2.88 3.73 4.43 0 1200 0.0
0.980 | 66375 2.36 5.28 6.85 8.14 0 600 0.0
1.235 | 83645 3.54 8.36 10.86 12.91 0 1200 0.0
1.440 | 97530 4.63 11.35 14.75 17.55 1.0 604 6.0
1.706 | 115546 6.22 15.90 20.69 24.61 1.0 878 4.1
1.976 | 133833 8.05 21.30 27.74 33.01 1.0 744 4.8
2.078 | 140741 8.79 23.55 30.67 36.50 1.0 | 1133 3.2
2.405 | 162888 11.35 31.51 41.06 48.87 1.0 566 6.4
2.451 | 166004 11.73 32.73 42.65 50.76 1.0 | 1221 2.9
2.607 | 176570 13.07 37.01 48.24 57.41 1.0 411 8.8
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Table 6.8 EFA test results for Split Rock Creek bridges; boring B-6 P-8, depth 18.0 to 20.0 ft,
very silty fine sand

v(ms) | Re T EN/mZ) T EN/mZ) T EN/mZ) T EN/mz) Az At | Az/At
(e=0mm) | (e=1mm) | (¢e=2mm) | (¢=3mm) | (mm) | (S) | (mm/hr)
0.123 8331 0.06 0.09 0.11 0.13 0 600 0.0
0.287 | 19438 0.28 0.47 0.60 0.71 0 600 0.0
0.480 | 32510 0.68 1.29 1.66 1.96 0 600 0.0
0.686 | 46462 1.26 2.61 3.37 4.00 0 600 0.0
0.948 | 64207 2.23 4.95 6.41 7.62 0 600 0.0
1.325 | 89741 4.00 9.62 12.50 14.86 0 600 0.0
1.682 | 113920 6.07 15.46 20.11 23.93 0 600 0.0
1.880 | 127331 7.38 19.29 25.12 29.88 0 600 0.0
2.112 | 143044 9.04 24.33 31.68 37.70 0 1200 0.0
2.369 | 160450 11.06 30.58 39.84 47.42 0 1200 0.0
2.697 | 182665 13.87 39.60 51.62 61.44 1.0 722 5.0
2.711 | 183614 14.00 40.01 52.16 62.08 1.0 666 54
2.736 | 185307 14.23 40.75 53.12 62.23 1.0 701 5.1

Figure 6.4 shows the measured erosion rate versus shear stress curve for boring B-4 P-2 from the left
(east) abutment of the westbound bridge. The elevation of the sample (1,316 to 1,318 ft) was above the
initial bottom elevation (1,302.6 ft; July 2, 1992) of the main channel, but the location of the creek is
offset quite a distance from the boring as shown on the subsurface profile (see Figure 5.21). The soil was
classified as mottled, light tan and brown, moist, clay. The threshold velocity for erosion was about 2.0
m/s. This soil was very resistant to erosion and eroded non-uniformly, often in lumps, which led to a
highly uneven eroded surface. Part of the soil surface did not erode at all while scour holes formed on the
sides and in the back of the test section. Therefore, the highest measured erosion rate of 3.8 mm/hr
should only be considered as a rough estimate. Figure 6.4 was used to predict the local scour at bent 3 in
the main channel.

Figure 6.5 shows the measured erosion rate versus shear stress curve for boring B-5 P-10 from the right
(west) abutment of the westbound bridge. The elevation of the sample (1,312 to 1,314 ft) was close to
that of boring B-4 P-2. The soil was classified as loose, interbedded black and white, moist, slightly silty
gravelly sand to slightly gravelly medium sand. The threshold velocity for erosion was about 1.2 m/s.
This soil eroded quickly particle by particle, typical of a non-cohesive soil. The erosion rate was
measured until the operator could not advance the soil fast enough to keep pace with the soil erosion.
Figure 6.5 was also used to predict the local scour at bent 3 in the main channel. The results were
compared with those obtained by using Figure 6.4.

Figure 6.6 shows the measured erosion rate versus shear stress curve for boring B-5 P-12. This soil layer
was located just below the slightly silty gravelly sand to slightly gravelly medium sand. The soil was
classified as loose to medium dense, blown and black, wet, gravelly medium sand to slightly sandy
gravel. It eroded even more quickly than sample B-5 P-10. There was some erosion at low velocities but
the erosion rate increased abruptly around a flow velocity of 0.5 m/s. Again, the erosion rate was
measured until the operator could not advance the soil fast enough to keep pace with the soil erosion.
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Because this soil was most likely located below the scour envelope, Figure 6.6 was not used for scour
prediction.

Figure 6.7 shows the measured erosion rate versus shear stress curve for B-6 P-6 from the left (east) bank
between the eastbound and westbound bridges. The elevation of the sample (1,326.5 to 1,328.5 ft) was
well above the initial bottom elevation of the main channel. The soil was classified as mottled, light
brown/gray, moist silty clay. The threshold velocity for erosion was about 1.4 m/s. This soil hardly
eroded at all, and when it eroded the erosion rate was only several mm/hr over a wide range of flow

velocities.

Figure 6.8 shows the measured erosion rate versus shear stress curve for boring B-6 P-8. The soil was
found below the silty clay. The elevation of the sample (1,323 to 1,325 ft) was also well above the initial
bottom elevation of the main channel. This soil was classified as loose, light brown, moist, very silty fine
sand. The soil felt very plastic and could be rolled into a thread by hand. The threshold velocity for
erosion was about 2.7 m/s. The soil eroded slowly and non-uniformly to produce an uneven surface. The
highest erosion rate measured was 5.1 mm/hr at a flow velocity of 2.74 m/s. Note that the erosion rates of
this soil and the clay from boring B-4 P-2 are similar (c.f., Tables 6.4 and 6.8).
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Figure 6.4 Erosion rate versus shear stress curve for Split Rock Creek bridges; boring B-4 P-2,
depth 20.0 to 22.0 ft, clay.
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Figure 6.5 Erosion rate versus shear stress curve for Split Rock Creek bridges; boring B-5 P-10,
depth 20.0 to 22.0 ft, slightly silty gravelly sand to slightly gravelly medium sand.
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Figure 6.6 Erosion rate versus shear stress curve for Split Rock Creek bridges; boring B-5 P-12,
depth 23.5 to 25.5 ft, gravelly medium sand to slightly sandy gravel.
The bed shear stress is for e = 1 mm.
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Figure 6.7 Erosion rate versus shear stress curve for Split Rock Creek bridges; boring B-6 P-6,
depth 14.5 to 16.5 ft, silty clay. The bed shear stress is for ¢ = 1 mm.

RN

Erosion Rate (mm/hr)
N (%]

0 1 0 5 3 35 40 45
Shear Stress (N/m?)

Figure 6.8 Erosion rate versus shear stress curve for Split Rock Creek bridges; boring B-6 P-8,
depth 18.0 to 20.0 ft, very silty fine sand. The bed shear stress is for ¢ = 1 mm.
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6.3 White River Bridge

Tables 6.9 to 6.12 summarize the results of EFA tests conducted by SDSU for the White River Bridge.
These results are plotted in Figures 6.9 to 6.12. Table 6.13 and Table 6.14 are the results of EFA tests
conducted by TAMU on duplicate soil samples from the same site. Their results are plotted in Figures

6.13 10 6.16. The test results from SDSU and TAMU are compared in Figure 6.17.

Table 6.9 EFA test results for White River Bridge; boring B-7 P-10, depth 24.0 to 26.0 ft, silt

Vs | Re T EN/mZ) T EN/mZ) T EN/mZ) T EN/mz) Az At | Az/At
(e=0mm) | (e=1mm) | (€=2mm) | (=3 mm) | (mm) | (s) | (mm/hr)
0.714 | 48377 1.36 2.82 3.65 4.33 0 600 0.0
0.911 | 61708 2.08 4.57 5.92 7.04 0 600 0.0
1.276 | 86411 3.74 8.92 11.59 13.78 0 600 0.0
1.407 | 95319 4.45 10.84 14.09 16.75 0 600 0.0
1.605 | 108681 5.59 14.08 18.32 21.79 0 600 0.0
1.938 | 131246 7.78 20.50 26.69 31.75 0.5 | 1800 1.0

Table 6.10 EFA test results for White River Bridge; boring B-7 P-12, depth 29.0 to 31.0 ft,
silty sandy gravel

vms) | Re T EN/mz) T EN/mZ) T EN/mZ) T _(N/mz) Az At | AzZ/At
(e=0mm) | (¢e=1mm) | (¢=2mm) | (=3 mm) | (mm) | (s) | (mm/hr)
0.516 | 34948 0.77 1.48 1.91 2.27 0.0 600 0.0
0.664 | 44972 1.19 2.4 3.16 3.75 8.0 119 | 2420
0.777 | 52625 1.57 3.33 4.32 5.12 4.0 432 33.3
0.858 | 58112 1.87 4.06 5.26 6.24 9.0 57 568.4

Table 6.11 EFA test results for White River Bridge; boring B-10 P-5, depth 12.0 to 14.0 ft,

very silty fine sand.

v (mis) | Re T EN/mZ) T EN/mz) T SN/mZ) T EN/mz) Az | At | AzZ/At
(e=0mm) | (e=1mm) | (€=2mm) | (¢=3mm) | (mm) | (s) | (mm/hr)
0.070 | 4741 0.02 0.03 0.04 0.04 0 600 0.0
0.259 | 17542 0.23 0.38 0.49 0.58 0 600 0.0
0.475 | 32171 0.66 1.26 1.62 1.92 4 101 | 1426
0.658 | 44566 1.18 2.40 3.10 3.68 7 44 | 5727
0.973 | 65900 2.33 5.21 6.75 8.03 7 37 | 681.1
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Table 6.12 EFA test results for White River Bridge; boring B-10 P-7, depth 16.0 to 18.0 ft,
slightly silty very sandy gravel

Vv (mis) | Re T EN/mz) T EN/mZ) T SN/mZ) T EN/mz) Az At | AzZ/At
(e=0mm) | (e=2mm) | (e=2mm) | (¢=3mm) | (mm) | () | (mm/hr)

0.146 | 9888 0.08 0.13 0.16 0.19 0 600 0.0
0.299 | 20251 0.30 0.51 0.65 0.77 0 600 0.0
0.322 | 21809 0.34 0.59 0.75 0.89 4 | 1372 | 105
0.486 | 32916 0.69 1.32 1.70 2.01 10 | 295 | 122.0
0.667 | 45175 1.20 2.46 3.19 3.78 10 | 104 | 346.2
0.758 | 51339 1.51 3.17 411 4.88 10 | 113 | 318.6
1.021 | 69151 2.53 5.73 7.43 8.83 10 | 130 | 276.9

Table 6.13 EFA test results for White River Bridge from TAMU; boring B-9 P-1,
depth 24.0 to 26.0 ft (corresponding to boring B-7 P-10)

V(| Re e (mm| ! (Nir) (n?rzn) (As; (rﬁrzrﬁtr)
0.185 | 11215 | 10 |0047| 020 | 0 |4394| 00
0315 | 19112 | 15 |o0052| 064 | 1 |2959 | 12
0714 | 43333 | 20 |0057| 363 | 1 | 638 | 56
0.936 | 56843 | 20 |0057| 625 | 1 | 186 | 194
1071 | 64996 | 30 |o0068| 974 | 2 | 129 | 558
1429 | 86736 | 30 |0068| 1735 | 4 | 64 | 2250
1774 | 107687 | 30 |0068| 2674 | 4 | 37 | 389.2

Table 6.14 EFA test results for White River Bridge from TAMU; boring B-9 P-2,
depth 29.0 to 31.0 ft (corresponding to boring B-7 P-12).

Vims) | Re | f (NIm) (rTA1an) (As§ (ﬁrzé/Ahtr)
0.331 | 20094 | 20 |0058| 079 | 0 | 2660| 0.0
0657 | 39902 | 40 |0078| 421 | 1 |4084| 009
1109 | 72803 | 40 |0.078| 1402 | 1 | 901 | 40
1613 | 97918 | 30 |0.068| 2211 | 1 | 513 | 7.0
2002 | 127026 | 30 |0068| 3721 | 1 | 306 | 118
2563 | 155631 | 4.0 |0077| 6324 | 1 | 414 | 87
3044 | 184813 | 30 |0068| 7876 | 2 | 50 | 1440
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Figure 6.9 Erosion rate versus shear stress curve for White River Bridge; boring B-7 P-10,
depth 24.0 to 26.0 ft, silt. The bed shear stress is for ¢ = 1 mm.
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Figure 6.10 Erosion rate versus shear stress curve for White River Bridge; boring B-7 P-12,
depth 29.0 to 31.0 ft, silty sandy gravel. The bed shear stress is for € = 1 mm.

84



Figure 6.9 shows the measured erosion rate versus shear stress curve for boring B-7 P-10 from the left
(north) abutment. The elevation of the sample (1,570 to 1,572 ft) was close to the initial bed elevation
(1,566.5 ft; August 22, 1991) at the northern pier (bent 2). The soil was classified as stiff, gray to brown,
moist, silt. This soil hardly eroded. An erosion rate of 1 mm/hr was measured at a flow velocity of 1.94
m/s.

Figure 6.10 shows the measured erosion rate versus shear stress curves for boring B-7 P-12. This soil
was found below the silt. The elevation of the sample (1,565 to 1,567 ft) was just below the initial bottom
elevation at bent 2. The soil was classified as medium dense, brown, moist to wet, silty sandy gravel.

The threshold velocity for erosion was about 0.5 m/s. This soil eroded quickly but unevenly because of
the embedded gravels and coarse sands.

Figure 6.11 shows the measured erosion rate versus shear stress curves for boring B-10 P-5 from the right
(south) bank. The elevation of the sample (1,568 to 1,570 ft) was close to the initial bed elevation
(1,568.5 ft; August 22, 1991) at the southern pier (bent 3). This soil was classified as tan, dry to wet, very
silty fine sand. The threshold velocity for erosion was less than 0.5 m/s. This soil eroded quickly. Figure
6.11 was used to predict the local scour at bent 3.

Figure 6.12 shows the measured erosion rate versus shear stress curve for boring B-10 P-7. The elevation
of the sample (1,564 to 1,566 ft) was close to the bottom elevation of the scour hole (1,565 ft) at bent 3.
This soil was classified as loose, gray, wet, slightly silty very sand gravel. The threshold velocity for
erosion was less than 0.5 m/s. The soil contained a lot of gravels. It eroded particle by particle and also
in chunks.

1400
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£ soo}
;3 o =0,
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2001 \ £=3 mm, -
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Figure 6.11 Erosion rate versus shear stress curve for White River Bridge; boring B-10 P-5,
depth 12.0 to 14.0 ft, very silty fine sand
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Figure 6.12 Erosion rate versus shear stress curve for White River Bridge; boring B-10 P-7, depth 16.0
to 18.0 ft, slightly silty very sandy gravel.

Figures 6.13 and 6.14 show the measured erosion rate versus shear stress curves for borings B-9 P-1 and
B-9 P-2, respectively, on duplicate soil samples (corresponding to borings P-7 P-10 and B-7 P-12) tested
by TAMU. There were no descriptions on the conditions of the eroding surfaces. However, from the
values of the bed roughness height used by TAMU for calculating the applied shear stress (see Tables
6.13 and 6.14), it can be deduced that the eroding surface was very uneven.

Figures 6.13 and 6.14 cannot be compared directly with Figures 6.9 and 6.10 because SDSU used a
constant € value to calculate the applied bed shear stress for all the flow velocities tested. Whereas, at
TAMU the operator assessed the surface texture of the soil sample and estimated the bed roughness as the
soil eroded. In order to make a more reasonable comparison of the results of the tests, we had re-
calculated the bed shear stress for the two samples tested by TAMU using a constant € value for all the
flow velocities. These EFA curves are presented in Figures 6.15 and 6.16 for four different values of €.
The test results from SDSU and TAMU for € = 1.0 mm are also plotted together in Figure 6.17 for direct
comparison. Referring to Figure 6.17, it can be seen that samples B-7 P-10 and B-9 P-2 are both very
erosion resistant, whereas samples B-7 P-12 and B-9 P-1 are both highly erodible. Thus, the erosion rates
of the soil samples collected from the same elevations in the two adjacent boreholes (B-7 P-10 and B-9 P-
1, 24.0 to 26.0 ft; P-7 P-12 and B-9 P-2, 29.0 to 31.0 ft) do not correspond. The only explanation for this
discrepancy is that the two thin wall tube samples were inadvertently switched at TAMU during the EFA
testing. This assumption is consistent with the boring logs, which recorded that the silt was located above
the silty sandy gravel, and we would expect the former to be less erodible than the latter.

With this assumption in mind, the test results look more reasonable. The erosion rate curves for B-7 P-10
and B-9 P-2 are similar up to a bed shear stress of about 20 N/m?. This bed shear stress corresponds to a
flow velocity of about 2 m/s in the EFA. SDSU stopped the EFA test at this velocity (see Table 6.9),
whereas TAMU continued the test up to a velocity of about 3 m/s (see Table 6.14).
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The erosion rate curves for B-7 P-12 and B-9 P-1 are more dissimilar. The critical shear stress is smaller
and the slope of the erosion rate versus shear stress curve is much larger for sample B-7 P-12 compared
with sample B-9 P-1. Two factors might contribute to this. First, the silty sandy gravel soil was more
heterogeneous than the silt. Considering that the eroding surface was only 3 inches in diameter, the
presence of embedded coarse sands and gravels could have affected the measured erosion rates. Second,
the erosion of the SDSU sample (B-7 P-12) was very uneven due to the presence of coarse sand and
gravel. During the testing of this material, it was difficult to determine when the sample should be
advanced. Hence, there was large uncertainty in the measured erosion rates for sample B-7 P-12. Figures
6.15 and 6.16 were used to predict the local scour at bent 2 because the EFA tests conducted by TAMU
covered a wider range of flow velocities.
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Figure 6.13 Erosion rate versus shear stress curve from TAMU; boring B-9 P-1,
depth 24.0 to 26.0 ft (corresponding to B-7 P-10)
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Figure 6.14 Erosion rate versus shear stress curve from TAMU; boring B-9 P-2,
depth 29.0 to 31.0 ft (corresponding to B-7 P-12)
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Figure 6.15 Erosion rate versus shear stress curve for boring B-9 P-1, depth 24.0 to 26.0 ft.
The data from TAMU are re-plotted for four different roughness heights.
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Figure 6.16 Erosion rate versus shear stress curve for boring B-9 P-2, depth 29.0 to 31.0 ft.
The data from TAMU are re-plotted for four different roughness heights.

89



120 ; : ! : !
- T — AV S— S— _
e S T T — — _

&Y R : :
P ——— S— AR— A— |
7| S TR SPR—— AP S—— |

Ril : ! ;

Erosion Rate (mm/hr)
(e}
on
—
[}
o
N
(o]

e I  S—— I——— —T— |
M0 b consmsnemspmnsnses .............................. T = SRR RO il

150 ! ; ! ! O
o T— —— S S— — -
50k S —— SR S— —— _

0 10 20 30 40 50 60
Shear Stress (N/m?)

Figure 6.17 Comparison of measured erosion rate versus shear stress curves from SDSU
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6.4 Applied Bed Shear Stress

Bed shear stress in EFA tests was calculated as t = 1/8 fo\V?, where f is the friction factor, p is the fluid
density, and V is the flow velocity (discharge/cross-sectional area). The friction factor was calculated
using the Blasius formula or Colebrook formula. The Blasius formula is valid for turbulent flow in
smooth pipes (¢ = 0). The Colebrook formula is used when the pipe roughness ¢ is not equal to zero.
These equations are given by

f =0.316Re (6.1)
(Blasius formula)
1 /D 251 (6.2)
= =20log| 12+ Y2
Jf 37 Ref

(Colebrook formula)

where Re=VD/v is the Reynolds number, V is the cross-sectional average velocity, D is the equivalent
pipe diameter, and v is the kinematic viscosity of water.

The following parameter values were used in calculating the Reynolds number and applied bed shear
stress:

D = 4 (hydraulic radius) = 4x0.1016x0.0508/2/(0.1016+0.0508)=0.068 m

p = 998.2 kg/m® (20° C)

v =1.004 x 10° m?%/s (20° C)

In the EFA tests, a roughness height must be estimated and used to calculate the applied bed shear stress.
For sensitivity analysis, the bed shear stress has been calculated using four different ¢ values (0, 1, 2, and
3 mm).

The data acquisition program provided with the EFA recorded the following parameters during the test:
time (hour: minute: second), water temperature (°F), flow velocity V (m/s), amount of soil pushed Az
(mm), and elapsed time Az (s). The sampling interval was 1 s. During the test, the operator also noted the
conditions of the eroding surface and erosion process (e.g., uniform or non-uniform, particle by particle,
or in chunks).

It was found that the EFA did not record the correct flow velocity. The apparatus was re-calibrated using
volumetric flow measurements. The water discharged from the EFA was collected in a bucket and
weighted. The weight of water (approximately 1.2 kg) was divided by time measured with a stop watch
and by the cross sectional area of the water tunnel (0.1016x0.0508 m?) to give the average flow velocity
in the EFA. Figure 6.18 is a plot of the measured flow velocity versus the flow velocity recorded by the
EFA. The measured flow velocity is about 48% of the flow velocity recorded by the EFA. When
calculating the applied shear stress, the following equation was used to correct the flow velocity recorded
by the EFA:

Ve reeg = 0-4808V,, —0.0187 (6.3)

Figure 6.19 show a picture of the EFA used in this study.
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Figure 6.18 Velocity correction for erosion function apparatus

Figure 6.19 Minnesota Department of Transportation erosion function apparatus

92



6.5 Concluding Remarks

Twelve EFA tests were conducted by SDSU researchers. These included three thin wall tube samples
from the Big Sioux River Bridge (B-1 P-7, B-2 P-12, and B-2 P-14), five samples from the Split Rock
Creek bridges (B-4 P-2, B-5 P-10, B-5 P-12, B-6 P-6, and B-6 P-8), and four samples from the White
River Bridge (B-7 P-10, B-7 P-12, B-10 P-5, and B-10 P-7). Two additional thin wall tube soil samples
(B-9 P-1 and B-9 P-2) from duplicate soil locations at the White River Bridge were tested by TAMU to
assess the repeatability of the EFA tests conducted by SDSU. Duplicate samples were obtained by
drilling an adjacent drill hole approximately 5 lateral feet from drill hole B-7 and obtaining soil samples
at the same elevation as the adjacent samples (B-7 P-10 and B-7 P-12). All the samples were taken from
drill holes in the left or right abutments. Boring logs, bridge plans, and channel profile measurements
were studied to select the most probable representative samples for EFA testing. Of the 14 samples tested,
the results from eight tests (B-1 P-7, B-2 P-12, Big Sioux River site; B-4 P-2, B-5 P-10, Split Rock Creek
site; and B-9 P-1, B-9 P-2, B-10 P-5, P-10 P-7, White River site) were used with the SRICOS method to
predict the local scour depth at a total of five different bridge piers from the three study sites.

Several problems were encountered in the EFA tests. The flow velocity recorded by the EFA had to be
corrected. In addition, the stepping motor that operated the piston was underpowered. Thus, we had to use
an extruder to get rid of some soils from the thin wall tube before the remaining soils could be advanced
by the piston. This resulted in less soil available for EFA testing. During the test, the soil surface often
eroded non-uniformly so it was difficult to determine when the sample should be advanced from the tube.
It was also unsure what roughness height should be used to calculate the applied bed shear stress. When
the soil surface is eroding non-uniformly, vortices and eddies are formed in and around the scour holes so
the erosive action of the flowing water could be quite different from that in a simple shear flow.
Currently, there is no consensus on how the bed shear stress should be calculated in this situation. At
Texas A&M University, for example, the operator assesses the surface texture of the soil sample and
estimates the bed roughness as the soil erodes. This estimation is performed on all the flow velocities
tested. The process is inherently subjective, as it is unlikely that two different operators conducting
separate EFA tests on duplicate soil samples would produce the same results. Therefore, the procedure
was not used by SDSU researchers. For simplicity, a constant € value was estimated by assessing the
texture of the eroding surface. This roughness height was applied to all the flow velocity tested. The
applied shear stress was also calculated for other € values. These additional erosion-rate-versus-shear-
stress curves were used to determine the effects of critical shear stress and slope of the erosion rate curve
on the predicted final scour depths (see Sections 7, 8, and 9).
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7. HYDRAULIC AND SCOUR ANALYSIS, BIG SIOUX RIVER BRIDGE

7.1 Site Description

A general description of the Big Sioux River Bridge can be found in Section 4. Additional site
information needed for hydraulic and scour analysis is included in this section.

Figure 7.1 shows a topographic map and an aerial photograph of the bridge site. As seen in Figure 7.1,
the Big Sioux River is a meandering stream. The river splits around a highland about 0.3 miles upstream
from the bridge crossing. On the downstream side of this highland, the re-combined channel flows south
and runs almost parallel to Highway 13, then sharply turns west and approaches the bridge crossing at a
large angle. Bridge crossing over or near a river bend would by itself produce non-uniform velocity
distribution across the channel. At this site, moreover, the left over bank in front of the bridge crossing
becomes submerged during moderate to high flows, so that flow in the south channel can cut across the
floodplain to approach the bridge crossing at a smaller angle. Because of the combined effect of channel
bend and exchange of flow between the main channel and floodplain, the flow angle of attack and
velocity distribution in the bridge opening can vary significantly with flow discharge.

Figures 7.2 through 7.7 show pictures of the bridge site taken during a field trip on April 6, 2007, when
the recorded daily mean flow was 1,968 ft*/s. It is important to note that there is a dam structure about
1/4 mile downstream of the bridge (see Figure 7.7). This dam maintains a minimum pool at the bridge
crossing during low flows. In addition, the water depth over the dam is at or close to critical depth during
low to moderate flows, when the dam is not submerged by tailwater.

Figure 7.8 shows the measured cross sections on the upstream and downstream faces of the bridge on four
different days in 1991-1993. The upstream cross section shows about 8.5 ft of local scour around the
northern-most pier (bent 2). At the downstream cross section, the scour hole was located on the left side
of the pier. There was an apparent flow concentration on the north side of the channel (see Figures 7.13
and 7.14). The upstream flow must approach the northern-most pier at an angle, which would account for
the location of the scour hole seen in the downstream cross section.

The Big Sioux River near Brookings streamflow gauging station (06480000) is located about 22 miles
upstream from the bridge site. This station has been operated since 1953. The estimated drainage areas at
the Brookings station and at the bridge site are 3,898 mi?and 4,096 mi? respectively (Niehus 1996). To

model the river flow at the bridge, a drainage area adjustment ratio of 1.025 (=+/4096/3898) was applied
to transfer the recorded discharges at the Brookings station to the bridge site. Between December 5,
1991, and July 7, 1993, the peak flow occurred on July 5, 1993, with a recorded daily mean flow of
11,583 ft®/s (Q, = 2,320 ft*/s) at the bridge site.

Figure 7.8 shows that most of the observed scour at the northern-most pier was developed between March
30 and July 7, 1993. This figure also shows a small amount (up to 1 ft) of contraction scour in the bridge
opening. Two borings (B-1 and B-2) were completed for this site. The data collected from the subsurface
explorations and the basic index and geotechnical engineering properties of the site soils are presented in
Section 5. The results of EFA tests are presented in Section 6. Borings B-1 P-7 and B-2 P-12 were
determined to be the most probable representative samples at the northern-most (bent 2) and southern-
most (bent 4) piers, respectively. The measured erosion rate versus shear stress curves for these two
samples (Figures 6.1 and 6.2) were used to predict the local scour at the two piers.
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Figure 7.1 Topographic map (USGS, scale 1:24,000, 7/1/1978) and aerial photography (USGS,
9/8/1992) of bridge site, http://terraserver-usa.com
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Figure 7.2 Bridge from left bank facing along upstream face toward right bank.
The piers in the channel are bent 4, 3, and 2 (from left to right).
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Figure 7.3 From bridge facing upstream toward right bank
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Figure 7.4 From bridge facing upstream toward tree island

Figure 7.5 From left bank facing upstream toward tree island
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Figure 7.6 From bridge facing downstream

Figure 7.7 From 1/4 mile downstream facing upstream toward bridge site.
A dam is seen in the foreground.
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Upstream at Big Sioux River near Flandreau
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Figure 7.8 Upstream and downstream cross sections at the Big Sioux River Bridge near Flandreau. The
ordinate for the upstream and downstream cross sections is the distance from the left
abutment and the abscissa is elevation above mean sea level, in feet (after Niehus 1996).
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7.2 Hydraulic Modeling

Hydraulic analysis was conducted using the one-dimensional River Analysis System HEC-RAS. The
river system schematic used in the computation is shown in Figure 7.9. Five surveyed and three un-
surveyed cross sections were used in the HEC-RAS computation. The approach section (River Station
10) is located 1,060 ft (measured along the main channel) upstream of the bridge in the big bend of the re-
combined channel. The second cross section (River Station 9.5 Bridge Section Upstream) is located 5 ft
upstream of the bridge. The third cross section (River Section 9, Bridge Section Downstream) is located
5 ft downstream of the bridge. The exit section (River Station 7) is located 500 ft downstream from the
bridge. The fifth cross section (River Station 6, Weir Section Upstream) is located 5 ft upstream of the
dam or 745 ft downstream of River Station 7. The sixth cross section (River Station 5, Weir Section) is
located at the dam. The seventh cross section (River Station 4, Weir Section Downstream) is located 5 ft
downstream of the dam. The eighth cross section (Section 3, Downstream Section) is located 1,545 ft
downstream of River Station 4. Cross sections 9.5 and 9 were taken from the river bottom profile survey
on the upstream and downstream faces of the bridge on June 22, 1992, before the scour hole developed at
the northern-most pier. HEC-RAS superimposes the bridge geometry onto cross sections 9.5 and 9 to
form the cross sections inside the bridge at the upstream and downstream ends. Initially, one additional
cross section (River Station 8) was interpolated from cross sections 9 and 7 and placed between these two
cross sections to define the ineffective flow areas downstream of the bridge. The addition of this cross
section had no effects on the computed results and thus it was deleted. Manning coefficient was selected
following the following guidelines: 0.03 (clean and straight channel), 0.035 (pasture and farmland), 0.05
(light brush), 0.075 (heavy brush), and 0.15 (trees).

For the bridge geometry, the width of the bridge deck is 32.33 ft. The pier centerline stations are 98 (bent
4), 219 (bent 3) and 338 (bent 2) ft from the left abutment (Niehus 1996). The width of the piers is 3 ft
and the length is 30 ft. The upstream and downstream embankment side slope is 3 horizontal to 1 vertical.
The high chord and low chord elevations were estimated from the bridge drawings and entered into HEC-
RAS. However, their values had no effects on the computed results since the road was not overtopped in
1991-1993.

The Energy (Standard Step) method was used to compute the flow through the bridge, categorized as
class A low flow (sub-critical flow with water surface below the low chord). Water surface elevation was
not measured at the downstream cross section (River Station 3). Therefore, a range of values including
the normal depth were tried. Table 7.1 shows the computed results for a discharge of 9,090 ft*/s. This
discharge was recorded at the bridge site on March 30, 1993, by the USGS using standard stream gauging
techniques. Three different water surface profiles (PF1, PF2, PF3) are computed for three different water
surface elevations (1,529, 1,529.5, and 1,530 ft) prescribed downstream at River Station 3. For reference,
the water surface elevation corresponding to the normal depth (average downstream slope = 0.000324) is
1,529.31 ft. The Froude number shown in the last column of the table shows that flow over the dam is
critical for PF1 and sub-critical for PF2 and PF3. Below 1,529 ft, the flow over the dam is critical and
water surface elevation downstream of the dam has no effects on the hydraulics at the bridge. Above
1,529 ft, the dam becomes submerged but the effect of downstream water level on the hydraulics at the
bridge is very small (see W.S. Elevation, River Station 9.5, Table 7.1). This analysis was repeated for
other discharges. It was found that, for the range of flow discharges (100 to 12,000 ft%s) considered in
this study, the water level downstream of the dam had little or no effects on the water surface elevation
and flow velocity at the bridge unless the downstream water level was set substantially higher than the
normal depth.
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Figure 7.9 River schematic used in HEC-RAS computation
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Figure 7.10 Computed water surface profile at Big Sioux River Bridge for flow discharge of 9,090 ft¥/s.
The water depth downstream is normal depth.
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An example of the computed water surface profile is shown in Figure 7.10. The minimum channel
elevation is 1515.72 ft at River Station 9.5 (Bridge Section Upstream) and 1511.12 ft at River Station 9
(Bridge Section Downstream). These elevations are considerably lower than the bed elevation upstream
and downstream (see Min Ch Elevation, Table 7.1). The lower bed elevation at the bridge is due only in
part to the scour hole (see Figure 7.8). The surveyed cross sections showed that the bed elevation at the
bridge crossing was indeed much lower than the bed elevation upstream and downstream.

Table 7.2 shows a comparison of the measured and computed water surface elevations on the upstream
side of the bridge on four days when discharge and water level were measured at the bridge site by the
USGS. This table shows that the measured and computed water surface elevations are reasonably close.
We found that the computed water surface elevation at the bridge was very sensitive to the crest length
and elevation of the dam. The dam had been surveyed by the USGS in 1991-1993, and again by us in the
fall of 2007. Our own survey showed that the dam was 175 ft wide instead of the 165 ft reported by the
USGS. However, we were unable to measure the crest elevation of the dam in the swift water. In the
HEC-RAS computations, we had used a crest elevation of 1,524.30 ft for the dam. This elevation was
lower than the elevation of 1,524.97 ft surveyed by the USGS. We had to reduce the elevation of the dam
from 1,524.97 to 1,524.30 ft in order to match the predicted and measured water surface elevations at the
bridge. Note that all channel profile measurements used in the hydraulic and scour analyses were taken
from the USGS field survey in 1991 to 1993 unless stated otherwise.

Table 7.1 HEC-RAS results for flow discharge of 9,090 /s

River Profile Min Ch W.S. Critical Velocity  Flow Top Froude
Station Elevation Elevation W.S. Chl Area Width # Chl
(ft) (ft) (ft) (ft/s)  (sqft) (ft)
10 PF1 1523.07  1530.87 1.56 6714.18 1414.02 0.1
10 PF 2 1523.07  1530.88 1.56 6724.54 1414.45 0.1
10 PF3 1523.07  1531.06 151 6976.35 1424.96 0.1

95 PF1 1515.72  1530.68 1522.88 2.71 3353.33 341.54 0.15
95 PF 2 1515.72  1530.69 1522.88 2.71 3355.96  341.59 0.15
9.5 PF 3 1515.72  1530.88 1522.88 2.66 3420.07 342.75 0.15

9.25 Bridge

9 PF1 1511.12  1530.67 2.7 336191 34481 0.15
9 PF 2 1511.12  1530.68 2.7 3364.6  344.84 0.15
9 PF 3 1511.12  1530.87 2.65 3429.52 345.78 0.15
7 PF1 1520.77  1530.59 2.78 4549.19 1020.33 0.17
7 PF 2 1520.77 1530.6 2.77 4557.66 1020.35 0.17
7 PF 3 1520.77 1530.8 2.66 4758.86 1020.89 0.16
6 PF1 1520.5 1530.42 2.77 3853.43 1318.85 0.18
6 PF 2 1520.5 1530.43 2.76 3865.51 1318.87 0.18
6 PF 3 1520.5 1530.64 2.64 4151.8 1319.28 0.17
5 PF1 1524.3 1528.54 152854 10.81 840.88 23257 1

5 PF 2 1524.3 1528.99 1528.54 9.57 950.03  262.27 0.89
5 PF 3 1524.3 1529.7  1528.54 7.84 1189.27 1222.7 0.72
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(Table 7.1 continued)

4 PF1 1520.5 1529.49 3.25 2795.67 404.48 0.22
4 PF 2 1520.5 1529.87 3.06 3138.26 1317.82 0.2
4 PF 3 1520.5 1530.28 2.84 3676.2 1318.59 0.18
3 PF1 1520 1529 1523.87 2.1 4319.5 1091 0.19
3 PF 2 1520 1529.5  1523.87 1.86 4887.38 1180.5 0.16
3 PF 3 1520 1530 1523.87 1.65 5500 1270 0.14

Table 7.2 Comparison of measured and computed water surface elevations on upstream face of bridge.
The discharges were measured by standard stream gauging techniques using a Price AA type
current meter.

WSEL (ft WSEL (ft

Date Q () (Measur(ed)) (H EC-R,(Ag)
6/20/1992 | 1,624 1,526.54 1,526.51
6/22/1992 | 4,346 1,528.82 1,528.36
3/30/1993 | 9,090 1,530.42 1,530.68
7/7/1993 7,774 1,530.15 1,530.12

Approach Section
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1522 L e e B S B A A A e |
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Figure 7.11 Approach section in HEC-RAS. The computed water surface elevation
and velocity distribution are for a discharge of 9,090 ft*/s.
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Figure 7.12 Bridge section upstream. The computed water surface elevation
and velocity distribution are for a discharge of 9,090 ft%/s.

Figures 7.11 and 7.12 show the measured ground elevation, computed water surface elevation, and
computed flow velocity distribution at the approach section and on the upstream face of bridge for a
discharge of 9,090 ft*/s. The entire cross section has been subdivided into 40 stream tubes to calculate the
velocity distribution. There are 20 vertical slices in the main channel and 10 each in the left and right
over bank. In the approach section, the depth-averaged velocity in the main channel is nearly uniform at
around 1.7 ft/s. The depth-averaged velocity in the left over bank is less than 1 ft/s. In the upstream
bridge cross section, depth-averaged velocity varies across the channel with the highest velocity (about
3.4 ft/s) found in the deepest part of the channel (between stations 220 and 280).

Figures 7.13 and 7.14 show a comparison of the measured and computed velocity distributions on the
upstream face of the bridge for March 30 and July 7, 1993. Note that the area under the measured
distribution is larger than the area under the computed distribution. In these figures, the measured
velocity is the flow velocity in the direction of the approach flow, which is not necessarily perpendicular
to the bridge. On March 30, 1993, the measured flow angle of attack was about 30 degrees at the
northern-most pier (bent 2), 20 degrees at the center pier (bent 3) and 0 degrees at the southern-most pier
(bent 4). The one-dimensional river analysis model HEC-RAS predicts the flow velocity at bent 4 and 3
(station 98 and 219 ft) well, but under-predicts the velocity at bent 2 (station 338 ft) by almost a factor of
2 (Figure 7.13). The measured velocity reaches a peak of 5.2 ft/s at station 325, then decreases sharply to
0.64 ft/s at station 370, some 30 ft away from the right bank (station 400). Figure 7.14 shows the
comparison for July 7, 1993 (Q = 7,774 ft*/s). The measured flow angle of attack was larger for the
smaller discharge; it was approximately 40 degrees at bent 2, 34 degrees at bent 3, and 11 degrees at bent
4. In addition, the location of maximum measured velocity (4.78 ft/s) has shifted from bent 2 towards the
middle of the channel where bent 3 is located. We believe that the flow concentration on the north side of
the channel is a two-dimensional effect caused by the sharp turn of the river around the right abutment.
We speculate that the flow angle of attack decreases during moderate to high flows because a portion of
the discharge can overtop the high ground in front of the bridge to approach the bridge crossing at a
smaller angle.
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Figure 7.13 Comparison of measured and computed flow velocities on upstream face of bridge for
March 30, 1993. The pier sets are at 98 (bent 4), 219 (bent 3), and 338 (bent 2) ft from the
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Figure 7.14 Comparison of measured and computed flow velocities on upstream face of bridge for July
7, 1993. The pier sets are at 98 (bent 4), 219 (bent 3), and 338 (bent 2) ft from the left
abutment.
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Figure 7.15 Rating curve for computed water surface elevation on upstream face
of Big Sioux River Bridge

The two-dimensional flow effect described above cannot be predicted by a one-dimensional model such
as HEC-RAS. A numerical study using the Surface Water Modeling System (SMS) is currently underway
to investigate two-dimensional flow effects at the Big Sioux River site. For the present bridge scour
study, a correction factor was applied to the computed flow velocities by HEC-RAS in order to predict the
local scour at bent 2. Since high flow should produce most of the observed scour, the correction factor
was chosen to be 1.8 (ratio of measured and computed velocities at Q = 9,090 ft%/s).

Figure 7.15 shows the rating curve for the computed water surface elevation on the upstream face of the
bridge. For reference, the measured channel elevations at bent 2 and bent 4 on June 22, 1992, were
1,520.72 and 1,522.92 ft, respectively. Note that the dam maintained a minimum pool at the bridge site
during low to moderate flows.

Figures 7.16 and 7.17 show the rating curves for the computed flow velocities at bent 2 and bent 4. The
computed velocities were computed using HEC-RAS and do not include the effects of flow angle of
attack and flow concentration on the north side of the channel. The moderate flow velocities are the
results of large water depths at the bridge crossing.
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Figure 7.17 Rating curve for computed approach flow velocity at bent 4
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7.3 Erosion Rate versus Shear Stress Curves

The erosion rate curves used for scour prediction at the Big Sioux River Bridge are Figures 6.1 (boring B-
1 P-7) and 6.2 (boring B-2 P-12). Boring B-1 P-7 (very silty fine sand) was collected from the right
(north) abutment at an elevation close to the initial bed elevation at the northern-most pier. Figure 6.1
was used with the SRICOS method to compute the pier scour at bent 2. Boring B-2 P-12 (organic silt
with abundant organic fibers) was collected from the left (south) abutment at an elevation close to the
initial bed elevation at the southern-most pier. Figure 6.2 was used to compute the pier scour at bent 4. In
each figure, the measured soil erosion rates had been fitted with a straight line for the applied bed shear
stress calculated using four different values of bed roughness height (¢ =0, 1, 2, and 3 mm). In the EFA
tests, a roughness height was estimated and used to calculate the applied bed shear stress. To assess the
effect of uncertainty in the calculated bed shear stress on the predicted scour depth, scour predictions
were first conducted using one of the four erosion rate curves (¢ =0, 1, 2, or 3 mm). These results formed
the baseline case, with which the results from the other cases were compared. Scour predictions were
also conducted for a range of values of critical shear stress and slope of erosion rate versus shear stress
curve to examine the sensitivity of the predicted scour depth to these parameters.

7.4 Scour Measurements

Measured cross sections on the upstream side of the Big Sioux River Bridge are available on June 20 and
June 22, 1992, and on March 30 and July 7, 1993 (see Figure 7.8). These profiles show about 8.5 ft of
pier scour at bent 2. The large scour depth at bent 2 is consistent with the high soil erosion rates seen in
Figure 6.1 and the observed flow concentration on the north side of the channel. There is up to 1 ft of
total scour at bent 4, most of which appears to be contraction scour. The much lesser scour at bent 4 is
consistent with the slower soil erosion rates seen in Figure 6.2 and the smaller flow velocities on the south
side of the channel (see Figures 7.13 and 7.14).

7.5 Flow Histories

The Big Sioux River near Brookings streamflow gauging station (06480000) is located about 22 miles
upstream from the bridge site. Figure 7.18 shows the recorded daily mean flow and hourly mean flow
from the Brookings station for 1992 and 1993. Two large floods (maximum recorded hourly mean flow
9,530 ft*/s and 13,300 ft¥/s) on June 21 and July 4, 1993, dominate the hydrograph of this period. For
comparison, the estimated 2-year, 100-year and 500-year discharges at the Brookings station are 2,320,
31,300, and 53,100 ft*/s, respectively (Niehus 1996).
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Figure 7.18 Hydrographs from Big Sioux River near Brookings streamflow gauging station. The upper
plot is the daily mean flow from June 22, 1992, to July 7, 1993. The lower plot is the hourly
mean flow from March 28, 1993, to July 7, 1993. The measured discharges shown were
multiplied by 1.025 in the SRICOS simulation to account for the increase in drainage area
between the Brookings station and the bridge site.

7.6 Scour Predictions

A program for computing pier and contraction scour using the SRICOS method can be downloaded from
a website maintained by Professor Jean-Louis Briaud at Texas A&M University
(http://ceprofs.tamu.edu/briaud/SRICOS-EFA.htm). We have also written our own FORTRAN codes
based on the scour equations and methodology documented in NCHRP Report 516 (Briaud et al. 2004a).
Our computer codes differ from Dr. Briaud’s program in how the correction factors for flow depth, flow
angle of attack, and pier spacing are applied,; this is discussed in Section 2. The scour predictions
presented in this report were obtained using our own computer codes. The values of the input parameters
for the baseline case are given in Table 7.3.
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Table 7.3 Summary of input parameters for scour predictions in the baseline case
Pier geometry: Pier width B = 3 ft, pier length L = 30 ft, pier shape rectangular pier with round
nose

Channel geometry:  Channel upstream width W; = 436 ft, number of piers N = 3, pier spacing S =
120 ft, initial bed elevation Y, = 1520.72 ft (bent 2) and 1522.92 (bent 4)

Flow parameters: Flow angle of attack o = 25 degrees (bent 2), and 0 degrees (bent 4)
Fluid parameters: Density p = 998.2 kg/m® kinematic viscosity v =1.004 x 10° m?/s
Soil parameters: Bent 2: critical shear stress 1. = 18.59 N/m?, slope of erosion rate curve C, = 7.49

mm/hr/(N/m?) (corresponding to & = 1.0 mm)

Bent 4: critical shear stress 1. = 25.35 N/m? slope of erosion rate curve C; = 3.12
mm/hr/(N/m?) (corresponding to € = 1.0 mm)

Hydrograph: Time step At = 24 hours (daily mean flow) and 1 hour (hourly mean flow),
number of time steps M = 381 (daily mean flow; June 22, 1992 through July 7,
1993) and 2,640 (hourly mean flow; March 28, 1993 through July 7, 1993).

In the SRICOS simulations, the flow discharges shown in Figure 7.18 were multiplied by 1.025 to
account for the increase in drainage area between the Brookings station and the bridge site. As seen in
Figure 7.18, the hydrograph in 1992-1993 was dominated by two large floods on June 21 and July 4,
1993. The observed flow angle of attack at bent 2 for Q = 9,090 ft*/s was about 30 degrees. The hourly
mean flow exceeded 9,000 ft*/s all day on June 20 and July 5, and for part of the day on June 19, June 21,
July 4, and July 6. We expect the flow angle of attack to be less than 30 degrees during high flows, since
the headland on the left bank in front of the bridge would be submerged. Therefore, a flow angle of
attack of 25 degrees was assumed in predicting the pier scour at bent 2. Finally, the computed approach
flow velocity at bent 2 from HEC-RAS (Figure 7.16) was multiplied by 1.8 to account for the observed
flow concentration on the north side of the channel.

Figure 7.19 shows the SRICOS simulation at bent 2 from June 22, 1992, through July 7, 1993, based on
the recorded daily mean flow. From top to bottom, the plots show the time history of flow discharge Q,
approach flow velocity V3, approach flow depth y,, initial bed shear stress t, initial rate of scour dz/dt,
maximum (equilibrium) scour depth z.x, and predicted scour depth z. The critical shear stress 1. for the
soil is shown as a dashed line in the initial bed shear stress plot. Figure 7.19 shows that the critical shear
stress was exceeded for only a few days between June 20 and July 6, 1993. The entire predicted scour
occurs during these few days. The predicted final scour depth on July 7, 1993, is 9.17 ft.
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Figure 7.19 SRICOS simulation for bent 2, June 22, 1992, through July 7, 1993; baseline conditions.
The discharge is daily mean flow. The critical shear stress 1. is shown as a dashed line in
the initial bed shear stress plot.
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Figure 7.20 SRICOS simulation for bent 2, March 28 to July 7, 1993; baseline conditions.
The discharge is hourly mean flow.
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SRICOS simulation for bent 4, March 28 to July 7, 1993; baseline conditions.
The discharge is hourly mean flow.
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Figure 7.20 shows the SRICOS simulation for bent 2 from March 28 through July 7, 1993, based on the
recorded hourly mean flow. The results are qualitatively similar to those shown in Figure 7.19 but the
computed scour depths are slightly larger. The predicted final scour depth on July 7, 1993, is 9.54 ft.
Hence, using smaller time steps do increase the predicted scour, at least for the flow conditions at this
site. Figure 7.20 also shows that a small amount of scour (about 0.2 ft) occurs between March 30 and
June 21. Both Figures 7.19 and 7.20 predict that no scour occurs before March 30, which is in general
agreement with the measured cross sections shown in Figure 7.8. The predicted final scour depths are
reasonably close to the observed scour depth of about 8.5 ft.

Figure 7.21 shows the results of SRICOS simulation for bent 4. For bent 4, the flow angle of attack was
assumed to be zero and the computed approach flow velocity from HEC-RAS was used without any
corrections. The SRICOS method predicts no scour. As seen in Figure 7.21, the initial bed shear stress
never exceeds the critical shear stress of 25.35 N/m? (not plotted). Note that the predicted scour depth
will still be zero if the erosion rate versus shear stress curve for € = 0 is used, which will lower the critical
shear stress to 9.4 N/m®. The latter is shown as a dashed line in the initial bed shear stress plot. The
lesser critical shear stress is still larger than the initial bed shear stress at all time steps.

7.7 Sensitivity Analysis

There are many uncertainties associated with the SRICOS simulations at this site. The main uncertainties
in flow parameters include the approach flow velocity and flow angle of attack. The main uncertainties in
the soil parameters include the critical shear stress and slope of the erosion rate versus shear stress curve.
The effects of these uncertainties on the predicted final scour depth are discussed below. The sensitivity
analysis was conducted for bent 2 using the hourly mean flow.

Figures 7.22 and 7.23 show the effects of flow angle of attack and approach flow velocity on the
predicted final scour depth at bent 2. As discussed earlier, we expect that the flow angle of attack for the
two floods on June 21 and July 4, 1993, to be less than 30 degrees, but the exact amount is unknown.
Figure 7.22 shows that reducing the flow angle of attack from 25 degrees to 19 degrees would reduce the
predicted final scour depth from 9.54 ft to 8.17 ft. The latter is close to the observed scour. However, the
effect of approach flow velocity is much greater. This is because the bed shear stress is proportional to the
velocity squared (see Equation 2.11). Figure 7.23 shows that reducing the velocity multiplying factor
from 1.8 to 1.7 will reduce the predicted final scour depth from 9.54 ft to 8.16 ft. The velocity
multiplying factor was applied to account for the flow concentration observed near the right abutment.
This phenomenon is a two-dimensional effect which cannot be predicted by a one-dimensional model
such as HEC-RAS. Figures 7.22 and 7.23 show that the difference between the predicted and observed
scour depths is within the uncertainty limits in the flow angle of attack and approach flow velocity.

The applied bed shear stress in the EFA test could not be determined precisely since the effective
roughness height was unknown. Therefore, erosion rate versus shear stress curves were prepared for four
different values of roughness height (¢ = 0, 1, 2, and 3 mm) (see Figure 6.1). The corresponding critical
shear stress ranges from 7.2 to 28.8 N/m?, and the slope of the erosion rate versus shear stress curve
ranges from 23.45 to 4.82 mm/hr/(N/m?). In the SRICOS simulations, we had used the erosion rate
versus shear stress curve for € = 1 mm to predict the soil erosion rates. During the EFA test, the soil was
advanced 1 mm into the flow one at a time. The soil eroded quickly particle by particle more or less
uniformly. For these test conditions, a roughness height of 2 or 3 mm would probably be too high. On
the other hand, the eroding surface was not entirely smooth. Hence, a roughness height of 1 mm was
considered a reasonable choice. Using these results as the baseline case, we then examined the sensitivity
of the predicted final scour depth to the critical shear stress and slope of the erosion rate versus shear
stress curve.
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Figure 7.22 Effect of flow angle of attack on predicted final scour depth at bent 2
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Figure 7.23 Effect of approach flow velocity on predicted final scour depth at bent 2

116



We note that the predicted scour history shown in Figure 7.20 is consistent with field measurements. It
shows that most of the predicted scour is produced by the two largest floods on June 21 and July 4, 1993.
If the erosion rate versus shear stress curve for € = 0 is used, the predicted final scour depth will be 13.37
ft, which is much larger than the observed scour. Those results will also show that 9.4 ft of scour is
developed between March 30 and June 21, before the two largest floods arrived. If the erosion rate versus
shear stress curves for € =2 and 3 mm are used to predict scour, the predicted final scour depth will be
5.54 and 2.62 ft, respectively. These scour depths are much smaller than the observed scour depth.

To examine the effect of critical shear stress on the predicted final scour depth, we keep all the other input
parameters fixed and vary the critical shear stress from 7.0 to 30.5 N/m® The results are shown in Figure
7.24. Note that the critical shear stress has a significant effect on the predicted final scour depth. For
example, increasing the critical shear stress from 18.6 N/m? (corresponding to &€ = 1 mm) to 21.5 N/m?
(corresponding to € = 1.3 mm) will reduce the predicted final scour depth from 9.54 to 8.25 ft. In
practice, it will be difficult to estimate the bed roughness height in an EFA test to within £0.5 mm.

Figure 7.20 shows that the maximum equilibrium scour depth is not reached during the two largest floods
on June 21 and July 4. Hence, the slope of the erosion rate versus shear stress curve will also have an
effect on the predicted final scour depth. In Figure 7.25, we vary the slope of the erosion rate versus
shear stress curve but keep the other input parameters the same as in the baseline case. For comparison
purposes, the slopes of the erosion rate versus shear stress curve for € =0, 1, and 2 mm are 23.45, 7.49,
and 5.74 mm/hr/(N/m?), respectively. As the roughness height increases, the slope decreases. Figure
7.25 shows that reducing the slope from 7.49 to 5.5 mm/hr/(N/m?) will reduce the predicted final scour
depth from 9.54 to 8.53 ft. If the critical shear stress is kept constant, the slope of the erosion rate versus
shear stress curve can only be reduced by increasing the value of € when calculating the applied bed shear
stress for those flow velocities that are above the threshold velocity for initiation of soil erosion. For a
critical shear stress of 18.6 N/m? the ¢ value needed to produce a slope of 5.5 mm/hr/(N/m?) for the
erosion rate versus shear stress curve will be approximately 1.4 mm, assuming that the same roughness
height is used for all flow velocities above the threshold velocity.

Figures 7.24 and 7.25 show that the predicted final scour depth is very sensitive to the critical shear stress
and the slope of the erosion rate versus shear stress. Between the two, the critical shear stress is the more
important parameter. Thus, having accurate information on the approach flow velocity and critical shear
stress would be critical to reliable scour predictions at this site.
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7.8 Conclusions

The SRICOS method was employed to predict local scour at the northern-most pier (bent 2) and southern-
most pier (bent 4) for the period from June 22, 1992, to July 7, 1993. The general site soil conditions at
bent 2 were very silty fine sand. When tested in the EFA, this soil eroded quickly particle by particle. The
general site soil conditions at bent 4 were organic silt. This soil eroded slowly particle by particle and in
chunks. The predicted final scour depth at bent 2 was 9.17 ft for the daily mean flow and 9.54 ft for the
hourly mean flow. The entire predicted scour was produced by two large floods in June and July, 1993.
These results compared favorably with the channel cross sections measured at different times and with the
final scour depth of 8.5 ft measured at bent 2 on July 7, 1993. The SRICOS method predicted no scour at
bent 4, which was also in agreement with field measurements.

Due to meandering of the river upstream of the bridge site, the flow velocity was much higher on the
north side of the river crossing. The flow approached the northern-most pier with a large flow angle of
attack (25 to 30 degrees during high flows, higher at moderate to low flows). The computed water
surface elevations at the bridge agreed well with field measurements, but HEC-RAS under-predicted the
approach flow velocity at the northern-most pier by almost a factor of two. In the SRICOS simulations,
the computed approach flow velocity was multiplied by 1.8 to match the measured velocity obtained by
stream gauging. The uncertainties in approach flow velocity and flow angle of attack produced large
uncertainty in the predicted final scour depth. Among the two, the approach flow velocity was the more
critical parameter. It was found that varying the multiplying factor of 1.8 for the approach flow velocity
by £10% would change the predicted final scour depth by about 25% for increasing velocity and 35% for
decreasing velocity.

Uncertainties in critical shear stress and slope of the erosion rate versus shear stress curve also produced
large uncertainty in the predicted final scour depth. Between the two, the critical shear stress was the
more critical parameter. The bed roughness height in the EFA tests could not be reliably estimated by
assessing the surface texture of the soil samples. It was found that small variations in bed roughness
height could produce large variations in calculated bed shear stress. This affected the slope of the erosion
rate versus shear stress curve as well as the critical shear stress.

Temporal resolution of the hydrograph also affected calculated scour depth. SRICOS simulations showed
that hourly mean discharge produced larger scour than daily mean discharge. This is logical since
maintaining the same discharge for a longer period of time may not produce more scour once the
equilibrium scour for that discharge has been reached. Whereas, increasing the discharge would increase
the equilibrium scour depth and thus produce more scour. In other words, scour depth would increase
faster by increasing the flow velocity than by increasing the flow duration. This is consistent with field
observation that most of the observed scour is produced by a few large flooding events.

Using reasonable values for the input parameters, the SRICOS method produced computed scour that was
comparable to the observed scour. However, the computed scour depth was very sensitive to the approach
flow velocity, flow angle of attack, critical shear stress, and slope of the erosion rate versus shear stress
curve. It was concluded that application of the SRICOS method to flow conditions similar to those found
at the Big Sioux River Bridge would require more accurate flow velocity calculations than those currently
provided by one-dimensional river models. In addition, the accuracy of EFA tests will need to be
improved.
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8. HYDRAULIC AND SCOUR ANALYSIS, SPLIT ROCK CREEK
BRIDGES

8.1 Site Description

A general description of the Split Rock Creek bridges can be found in Section 2. Additional site
information needed for hydraulic and scour analysis is included in this section.
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Figure 8.1 Topographic map (USGS, scale 1:24,000, 7/1/1978) of bridge site
(http://terraserver-usa.com)
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Figure 8.2 Aerial photograph (USGS, 10/12/1991) of bridge site (http://terraserver-usa.com)

Figures 8.1 and 8.2 show a topographic map and an aerial photograph of the bridge site. Figures 8.3
through 8.6 show pictures of the bridge site taken during a field trip on April 9, 2007, when the recorded
daily mean flow was 232 ft*/s. As seen in these photographs, the banks are covered with grass and weeds,
and the floodplain cover is mainly crops, grass, and small trees. There is a large bend in the river a few
hundred feet upstream from the westbound bridge. This bend appears to be stable, and the channel
through the bridge openings had not shifted over time. The floodplain upstream and downstream is much
wider (about 2,000 ft wide) than the bridge openings. However, HEC-RAS predicts that at a discharge of
18,900 ft¥/s, which was the peak flow recorded on May 8, 1993, the river would still be confined within
the main channel. These calculations also show that the width of the water surface in the cross section
about 500 ft upstream from the westbound bridge is about the same as that at the bridge opening.
Therefore, there was probably not a great deal of flow contraction at the bridge crossings during the flood
in May 1993.
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Figure 8.3 Picture of river from left bank facing upstream of the westbound bridge

Figure 8.4 Picture of bridge from left bank facing downstream face of the westbound bridge. Bent 3 is
the pier set in the low-flow channel. The two adjacent pier sets are bent 2 (right bank) and
bent 4 (left bank).
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Figure 8.5 Picture of bridge from left bank facing upstream face of eastbound bridge

-

Figure 8.6 Picture of river from left bank facing downstream of eastbound bridge
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Figure 8.7 Upstream and downstream cross sections at the Split Rock Creek bridges near Brandon. The
ordinate is distance from the left abutment and the abscissa is elevation above mean sea level,
in feet (after Niehus 1996). At both bridges, the largest scour depth was found around bent 3
in the main channel.
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Figure 8.7 shows the measured channel cross sections on the upstream side of the westbound bridge and
on the downstream side of the eastbound bridge in 1991-1993. At both bridges, the largest scour was
found around bent 3 in the main channel. The maximum scour depth was 2 to 3 ft at the westbound
bridge and about 4 ft at the eastbound bridge. Most of the scouring was developed between March 29 and
May 8, 1993. The amount of contraction scour appears to be small (less than 1 ft). There was some
channel erosion and deposition at both bridges.

A gauging station (06482610) is located less than 1 mile upstream of the bridge sites, but it operated only
as a crest-stage partial-record gauging station from 1990 through 1993. The largest recorded peak
discharge at this gauging station in 1992-1993 was 18,900 ft*/s on May 8, 1993. The estimated drainage
areas at the gauging station and at the bridge sites are 464 mi® and 466 mi?, respectively (Niehus 1996).
The estimated 2-year, 100-year, and 500-year discharges at the bridge sites are 2,200, 22,500, and 39,200
ft*/s, respectively (Niehus 1996).

Four borings (B-3 to B-6) were completed at this site. The data collected from the subsurface
explorations and the basic index and geotechnical engineering properties of the site soils are presented in
Section 5. The results of EFA tests are presented in Section 6. Boring B-4 P-2 from the left abutment and
boring B-5 P-10 from the right abutment were determined to be the most probable representative samples
for the foundation soil at the main channel pier (bent 3). The measured erosion rate versus shear

stress curves for these samples (Figures 6.4 and 6.5) were used to predict the pier scour depth at bent 3.

8.2 Hydraulic Modeling

Hydraulic analysis was performed using HEC-RAS. The river system schematic used in the computation
is shown in Figure 8.8. Eight surveyed and one un-surveyed cross sections were used in the HEC-RAS
computation. River Stations 0, 1, and 2 are located 1,560 ft, 900 ft, and 455 ft, respectively, downstream
from the eastbound bridge. River Stations 3 and 3.4 are located 5 ft on either sides of the eastbound
bridge; their channel cross sections were taken from the surveyed cross section at the eastbound bridge on
December 6, 1991. River Stations 3.6 and 4 are located 5 ft on either sides of the westbound bridge; their
cross sections were taken from the surveyed cross section at the westbound bridge on March 29, 1993.
Stations 5, 6, 7 and 8 are located 492 ft, 1,022 ft, 2,692 ft, and 4,612 ft, respectively, upstream from the
westbound bridge. HEC-RAS superimposes the eastbound bridge geometry onto cross sections 3 and 3.4,
and the westbound bridge geometry onto cross sections 3.6 and 4 to form the cross sections inside the
bridges at their respective upstream and downstream ends. Manning coefficient was selected following
the following guidelines: 0.03 (clean and straight channel), 0.035 (pasture and farmland), 0.05 (light
brush), 0.075 (heavy brush), and 0.15 (trees).

The eastbound and westbound bridges were modeled as two separate parallel bridges. For both bridges,
the width of the bridge deck is 30.0 ft, and the channel distance between the bridge centerlines is 82 ft.
The pier centerline stations are 47 ft (bent 5), 97 ft (bent 4), 167 ft (bent 3), and 256 ft (bent 2) from the
left abutment at the eastbound bridge, and 53 ft (bent 5), 105 ft (bent 4), 175 ft (bent 3), and 264 ft (bent
2) from the left abutment at the westbound bridge. The width of the piers ranges from 2.75 to 3.0 ft. The
upstream and downstream embankment side slope is 2 horizontal to 1 vertical. The high chord and low
chord elevations were estimated from the bridge drawings and entered into the program. However, their
values had no effects on the computed results since the roadway was not overtopped.

The Energy (Standard Step) method was used to compute flow through the bridges, categorized as class A
low flow (sub-critical flow with water surface below the low chord). The stage-discharge relationship at
the downstream cross section (River Station 0) is unknown. Therefore, uniform flow was assumed at
Station 0 together with an average downstream slope of 0.00056. Table 8.1 shows the computed results

126



for a discharge of 14,700 ft*/s. This discharge was measured at the bridge site on May 8, 1993, by the
USGS using standard stream gauging techniques. Three different water surface profiles (PF1, PF2, PF3)
are computed for three different water surface elevations (1,317, 1,318.19, and 1,519 ft) prescribed
downstream at River Station 0. The water surface elevation of 1,318.19 ft corresponds to the normal
depth. These results show that the downstream water depth has some effects (around 5% for the flow
conditions shown) on the computed water depths and flow velocities at the bridges (see River Stations 3
and 4). This may be expected since the reach length between the eastbound bridge and River Station 0 is
only 1,560 ft. A sensitivity analysis was conducted to evaluate the effects of water depth and flow
velocity on the computed scour depth; this will be discussed. Figure 8.9 shows the computed water
surface profile for a flow discharge of 14,700 ft*/s and normal depth specified at River Station 0.

Table 8.2 shows a comparison of the measured and computed water surface elevations on the upstream
and downstream sides of the bridges on three different days when discharge and water level were
measured at the bridge site by the USGS. This table shows that the measured and computed water surface
elevations are reasonably close when uniform depth was specified downstream.

Reach 1

Westbound Bridge

Eastbound Brid

Figure 8.8 River schematic used in HEC-RAS computation
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Table 8.1 HEC-RAS results for flow discharge of 14,700 ft*/s

River Profile Min Ch W.S. Crit Vel Flow Top Froude
Station El Elev W.S. Chnl Area Width # Chl
(ft) (ft) (ft) (ft/s) | (sqft) (ft)
8 PF1 | 130352 | 1319.95 471 | 383642 | 1047.31 | 026
8 PF2 | 130352 | 1320.39 432 | 429953 | 1064.85 | 0.23
8 PF3 | 130352 | 1320.79 4 | 4723.89 | 1075.76 | 0.21
7 PF1 | 130192 | 1319.44 324 | 540004 | 95478 | 0.18
7 PF2 | 130192 | 1319.98 297 | 5938.9 | 100001 | 0.16
7 PF3 | 130192 | 1320.45 276 | 6415.05 | 1038.98 | 0.15
6 PF1 | 13015 | 1319.12 342 | 580438 | 89461 | 015
6 PF2 | 13015 | 1319.73 315 | 645231 | 94318 | 0.14
6 PF3 | 13015 | 1320.24 293 | 694435 | 970.15 | 0.13
5 PF1 | 1301 | 131846 6.06 | 243953 | 250.78 | 0.33
5 PF2 | 1301 | 1319.16 5.66 | 262514 | 27414 | 03
5 PF3 | 1301 | 1319.73 537 | 278711 | 289.14 | 0.8
(B4U) PF1 | 130092 | 131808 | 131045 | 5.83 | 252322 | 225.84 | 0.1
4 PF2 | 130092 | 131885 | 131045 | 5.45 | 269867 | 232.56 | 0.28
4 PF3 | 130092 | 1319.47 | 131045 | 5.17 | 284514 | 2376 | 0.26
36 | PF1 | 130092 | 1317.98 588 | 2501.01 | 22493 | 031
36 | PF2 | 130092 | 1318.77 549 | 2679.94 | 2319 | 0.28
36 | PF3 | 130092 | 13194 52 | 282886 | 237.05 | 0.26
34 | PF1 | 1301 | 1317.82 | 1311.66 | 6.38 | 2305.28 | 230.71 | 0.36
34 | PF2 | 1301 | 131864 | 1311.66 | 5.80 | 2496.16 | 234.69 | 0.32
34 | PF3 | 1301 | 13103 | 1311.66 | 554 | 265175 | 237.89 | 0.29
(BD)
A PF1 | 1301 | 1317.68 6.47 | 2272.35 | 23001 | 0.36
3 PF2 | 1301 | 131853 595 | 247018 | 23415 | 032
3 PF3 | 1301 | 131921 559 | 262984 | 237.44 | 03
2 PF1 | 1301 | 1317.65 378 | 52845 | 96023 | 021
2 PF2 | 1301 | 131857 3.16 | 616453 | 964.04 | 017
2 PF3 | 1301 | 1319.27 28 | 684128 | 966.96 | 0.15
1 PF1 | 1302 | 1317.62 237 | 776121 | 1278.14 | 012
1 PF2 | 1302 | 131855 201 | 8962.58 | 1309.71 | 0.1
1 PF3 | 1302 | 1319.26 179 | 9897.57 | 1333.76 | 0.09
0 PF1 | 1300 | 1317 | 1311.33 | 585 | 3177 744 | 033
0 PF2 | 1300 | 131819 | 1311.32 | 4.65 | 4068.65 | 754.65 | 0.2
0 PF3 | 1300 | 1310 | 1311.32 | 403 | 46829 | 7619 | 02
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Figure 8.9 Computed water surface profile at Split Rock Creek bridges for flow
discharge of 14,700 ft*/s. The water depth downstream is normal depth.

Table 8.2 Comparison of measured and computed water surface elevations on upstream face of
westbound bridge (BU) and downstream face of eastbound bridge (BD). The discharges
were measured by standard stream gauging techniques using a Price AA type current meter.

5 WSEL (ft) WSEL (ft)
Date Q (ftls) (Measured) (HEC-RAS)
71211992 1,420 1,308.50 (BU) gggﬁ EE%
1,313.82 (BU)
3/20/1993 | 4600 | 431494 8D) | 131368 (BD)
1,318.53 (BU) 1318.85 (BU)
5/8/1993 | 14,700 | 1’31793 (BD) | 1318.53 (BD)

As seen in Figure 8.1, the stream is skewed at an angle to the bridge openings. Niehus (1996) estimated
the skewed angle to be about 25 degrees. Skewed bridge crossings are handled in HEC-RAS by entering
a skew angle for the deck roadway and abutments. The program then multiplies the stationing for the
roadway and abutments and the upstream and downstream bounding cross sections by the cosine of the
skew angle to produce the equivalent cross sections perpendicular to the stream. We had run the program
both with and without the skew option. We found that including the skew angle had negligible effects on
the computed water surface elevations at the bridge crossings, but would increase the computed flow
velocities by about 10% for all discharges. The HEC-RAS results in this section were obtained without
the skew adjustment. The effect of skew on the predicted scour depth was examined as an uncertainty in
the computed flow velocities.

Figures 8.10 and 8.11 show the measured ground elevation, computed water surface elevation, and
computed flow velocity distribution at the approach section (River Station 5) and the upstream cross
section of the westbound bridge (River Station 4) for a discharge of 14,700 ft*/s. The reach length
between these two cross sections is 492 ft. The computed widths of the water surface at the two cross
sections are 274.14 and 234.56 ft, respectively. As expected in a one-dimensional flow model, the highest
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velocity is found in the deepest part of the channel. At the approach section, the highest computed
velocity is 7.34 ft/s, compared with 5.66 ft/s for the cross-sectional average. At the upstream bridge
section, the highest computed velocity is 6.79 ft, compared with 5.45 ft/s for the cross-sectional average.
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Figure 8.10 Approach section (River Station 5). The computed water surface elevation and velocity
distribution are for a discharge of 14,700 ft*/s.
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Figure 8.11 Bridge section upstream (River Station 4). Same discharge as in Figure 8.10.

130



Figures 8.12 and 8.13 show a comparison of the measured and computed velocity distributions at the
upstream cross section of the westbound bridge for March 29 and May 8, 1993. In these figures, the
measured velocity is the flow velocity in the direction of the approach flow. On March 29, the approach
flow was oriented at an angle of 10 degrees from a line perpendicular to the bridge face. On May 8, the
measured flow angle of attack was much larger. It was about 35 degrees at bent 2, 40 degrees at bent 3,
and 25 degrees at bent 4. HEC-RAS predicts the magnitude of flow velocity at bent 4 and bent 2 (stations
105 and 264 ft) reasonably well, but under-predicts the magnitude of flow velocity at bent 3 (station 175
ft) by about 30% on March 29 and between 15 to 20% on May 8. Note that HEC-RAS cannot model the
effect of flow attack of attack. Figures 8.12 and 8.13 show that the measured approach flow velocity is
generally larger in the main channel and smaller near the left and right banks when compared with the
computed velocity.

Figure 8.14 shows the rating curve for the computed water surface elevation on the upstream face of the
westbound bridge. For reference, the measured channel elevation at bent 3 on March 29, 1993 was
1,301.5 ft. Figure 8.15 shows the rating curve for the computed approach flow velocity at bent 3 of the
westbound bridge. These rating curves were used with the hydrograph to produce the water depth and
flow velocity versus time curves for input into the SRICOS program.
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Figure 8.12 Comparison of measured and computed approach flow velocities on upstream face of
westbound bridge for March 29, 1993. The pier sets are at 53 ft (bent 5), 105 ft (bent 4),
175 ft (bent 3), and 264 ft (bent 2) from the left abutment.
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Figure 8.13 Comparison of measured and computed approach flow velocities on upstream face of
westbound bridge for May 8, 1993. Locations of pier sets are the same as in Figure 8.12.
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Figure 8.14 Rating curve for computed water surface elevation on upstream face of westbound bridge
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Figure 8.15 Rating curve for computed approach flow velocity at bent 3 on upstream face of
westbound bridge

8.3 Erosion Rate versus Shear Stress Curves

The erosion rate curves used for scour prediction at the Split Rock Creek bridges are Figure 6.4 (boring
B-4 P-2) and Figure 6.5 (boring B-5 P-10). Boring B-4 P-2 (clay) was collected from the left (east)
abutment at an elevation a few feet higher than the bottom elevation of the low-flow channel (about 1,302
ft). Boring B-5 P-10 (slightly silty gravelly sand to slightly gravelly medium sand) was obtained from the
right (west) abutment at about the same elevation as boring B-4 P-2. Since subsurface exploration could
not be conducted in the low-flow channel, the soil type at the main channel pier (bent 3) was unknown.
Therefore, both curves were used to predict the pier scour at bent 3 and the results were compared. In
Figures 6.4 and 6.5, the measured soil erosion rates had been fitted with a straight line with the applied
bed shear stress calculated using four different values of bed roughness height (¢ = 0, 1, 2, and 3 mm).
Scour predictions were conducted by selecting one of the four erosion rate curves; the bed roughness was
estimated by assessing the surface texture of the soil sample during the EFA test. The results from this
baseline case were compared with the scour predictions obtained using the other erosion rate curves.
Scour predictions were also carried out for a range of critical shear stress and slope of erosion rate versus
shear stress curve values to examine the sensitivity of the predicted scour depth to these parameters.

8.4 Flow Histories

The Split Rock Creek at Corson gauging station (06482610) was operated from 1965 through 1989 as a
continuous-record streamflow gauging stream, and from 1990 to 1993 as a crest-stage partial-record
gauging station. Continuous streamflow record is thus not available at the bridge site in 1992 and 1993.
Without a continuous flow record for 1993, several methods were tried to hindcast the flood history at the
bridge site. A common approach is to transfer the measured hydrograph from a nearby gauged site to the
un-gauged site, and making adjustment to the difference in drainage area. The hydrologic characteristics
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are similar for Split Rock Creek at Corson and Skunk Creek at Sioux Falls. Table 8.3 summaries the
peak-flow estimates for selected recurrence intervals for the gauging stations at Skunk Creek (06481500)
and Split Rock Creek (06482610). The drainage areas for the two stations are 570 mi? and 475 mi?,
respectively. As seen, the similarities in peak flow statistics between the two sites are striking. Figure
8.16 shows the daily mean flow recorded by the two stations from January 1, 1965, through December 31,
1989. Again, the trends of the measured hydrographs are similar.

Table 8.3 Peak-flow estimates (in ft*/s) for selected recurrence intervals (in years) for Skunk Creek at
Sioux Falls and Split Rock Creek near Corson gauging stations (after Burr and Korkow 1996)

Station Name 2 | 5 | 10 | 25 | 50 | 100 | 500
/Recurrence Interval

Skunk Creek at Sioux

Ealls 1,330 | 4,140 | 7,310 | 13,100 | 19,000 | 26,200 | 49,500

Split Rock Creek near

2,390 | 5,660 | 8,910 | 14,500 | 19,900 | 26,400 | 47,000
Corson

USGS 06482610 SPLIT ROCK CR AT CORSON, SD

™
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Figure 8.16 Daily mean flow data from Split Rock Creek near Corson and Skunk Creek
at Sioux Falls gauging stations for January 1, 1965, through December 31, 1989.

Although the long term statistics are similar for these two watersheds, individual flooding events may
vary significantly. Figure 8.17 is a plot of the hourly mean flow data recorded at the Skunk Creek at
Sioux Falls gauging station between March 1 and May 15, 1993. This figure shows that two significant
floods had occurred during this period. The first flood occurred around March 27 and lasted for about
two days. The second flood occurred around May 8 and lasted for about one day. The same weather
systems also affected the Split Rock Creek site as evident from the scour and flow measurements
collected at the site by the USGS on March 29 and May 8 (see Figure 8.7). However, the peak flow
recorded at the Skunk Creek station on May 8 (7,490 ft*/s) was much smaller than the peak flow recorded
at the Split Rock Creek station (18,900 ft¥s). This difference could be related to the storm path and
spatial variability in precipitation during the storm.
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Preliminary scour analysis indicated that the observed scour at the Split Rock Creek bridges on May 8
was most likely produced by a single flood. To apply the recorded hydrograph at the Skunk Creek station
to the Split Rock Creek site, we therefore consider only the flow data from May 6 to May 15, 1993. The
base flow (481 ft%/s) was first subtracted from the recorded hydrograph at the Skunk Creek site (Figure
8.17). Then the resulting hydrograph was scaled so that the peak discharge is the same as the recorded
peak discharge (18,900 ft*/s) at the Split Rock Creek site. Figure 8.18 shows the recorded and
transformed hydrographs. The underlying assumptions in the hydrograph transformation are similar to
those used in constructing a unit hydrograph, namely (a) the same storm occurred in both watersheds, (b)
the two hydrographs have the same duration and time base, (c) the shape of the two hydrographs is the
same, and (d) they differ only in the total amount of rainfall runoff.
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Figure 8.17 Hourly mean flow data from Skunk Creek at Sioux Falls gauging

station for March 1, 1993, through May 15, 1993
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Figure 8.18 Recorded hydrograph from Skunk Creek at Sioux Falls gauging station and

transformed hydrograph for the Split Rock Creek site (May 6 through May 15, 1993)

8.5 Scour Predictions

A program for computing pier and contraction scour using the SRICOS method can be downloaded from
a website maintained by Professor Jean-Louis Briaud at Texas A&M University
(http://ceprofs.tamu.edu/briaud/SRICOS-EFA.htm). We have also written our own FORTRAN codes
based on the scour equations and methodology documented in NCHRP Report 516 (Briaud et al. 2004a).
Our computer codes differ from Dr. Briaud’s program in how the correction factors for flow depth, flow
angle of attack, and pier spacing are applied,; this is discussed in Section 2. The scour predictions
presented in this report were obtained using our own computer codes. The values of the input parameters
for the baseline case are given in Table 8.4.

Table 8.4 Summary of input parameters for scour predictions
Pier geometry: Pier width B = 3.0 ft, pier length L = 3.0 ft, pier shape circular (octagonal)

Channel geometry:  Channel upstream width W, = 336 ft, number of piers N = 4, average pier
spacing S = 80 ft, bed elevation Y, =1301.5 ft (bent 3)

Flow parameters: Flow angle of attack o = O degrees (for circular pier)
Fluid parameters:  Density p = 998.2 kg/m® kinematic viscosity v =1.004 x 10° m?/s
Soil parameters: Critical shear stress 1. = 8.22 (clay) and 3.44 (gravelly sand) N/m?, slope of

erosion rate versus shear stress curve C, = 1.41 (clay) and 287.07 (gravelly sand)
mm/hr/(N/m?) (corresponding to &€ = 0 mm).
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Hydrograph: Time step At = 1 hour (hourly mean flow), number of time steps M = 220 (May 6
through May 15, 1993)

Additionally, the computed approach flow velocity from HEC-RAS in Figure 8.15 has been multiplied by
1.2 to account for the difference in observed and computed velocities at bent 3 (see Figures 8.12 and
8.13).

Figure 8.19 shows the SRICOS simulation for bent 3 from May 6 through May 15, 1993, using scaled
hourly mean flow data and the erosion rate versus shear stress curve for € = 0 from Figure 6.4 (clay).
From top to bottom, the plots show the time history of flow discharge Q, approach flow velocity Vi,
approach flow depth ys, initial bed shear stress 1, initial rate of scour dz/dt, maximum (equilibrium) scour
depth znax, and predicted scour depth z. The critical shear stress 7. is shown as a dashed line in the initial
bed shear stress plot. This plot shows that the critical shear stress of 8.22 N/m? is exceeded for 40 hours,
and the entire predicted scour occurs during this time period. Note that the peak discharge arrives 7 hours
after scouring starts, but the scour depth continues to increase under the falling limb of the hydrograph.
This is due to the very slow erosion rates of the clay soil, thus the scour depth approaches equilibrium
very slowly. The predicted final scour depth for the May 8 flood is 1.43 ft, which is much smaller than
the calculated equilibrium scour depth of 7.11 ft at the peak discharge (18,900 ft*/s).
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Figure 8.19 SRICOS simulation for bent 3, May 6 through May 15, 1993; baseline conditions. The
discharge is hourly mean flow. The erosion rate curve is for clay with a roughness height of
0 mm. The critical shear stress 1. is shown as a dashed line in the initial bed shear stress
plot.
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Figure 8.20 As in Figure 8.19, but for gravelly sand
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The SRICQOS simulation shown in Figure 8.19 was conducted using the erosion rate curve for ¢ = 0. The
predicted final scour depth decreases sharply to 0.16 ft if the erosion rate curve for € = I mm is used.
With the larger bed roughness, the critical shear stress is increased to 21.67 N/m?, which is exceeded for
only 12 hours, and the slow rates of erosion mean that there would not be enough time for much scour to
develop.

Figure 8.20 shows the SRICOS simulation for the same location and for the same time period, but based
on the erosion rate curve for ¢ = 0 from Figure 6.5 (gravelly sand). In this case, the critical shear stress is
3.44 N/m?, which is exceeded for 120 hours. However, the erosion rate is so high that final scour is
reached only after 11 hours. The predicted final scour depth is 6.67 ft, which is close to the equilibrium
scour depth of 7.11 ft at the peak discharge. Increasing the bed roughness height in the bed shear stress
calculations will increase the critical shear stress, thus decrease the time period of scour. However, the
predicted final scour depth for the gravelly sand does not change substantially when the erosion rate
curves for other values of € are used in the SRICOS simulations. The predicted final scour depths for € =
1,2 and 3 mm are 6.22, 5.99, and 5.79 ft, respectively. This is because the erosion rates of the gravelly
sand are so high. Hence, a large fraction of the equilibrium scour is developed over the time period when
the initial bed shear stress exceeds the critical shear stress.

8.6 Sensitivity Analysis

There are several sources of uncertainty associated with the scour predictions shown in Figures 8.19 and
8.20. These include the critical shear stress, the slope of the erosion rate versus shear stress curve, the
approach flow velocity, and the shape of the hydrograph. The shape of the hydrograph will be discussed
separately in Section 8.7. In this section, we conduct a sensitivity analysis to investigate the effects of the
first three parameters on the predicted scour depth. For simplicity, only one parameter is varied at a time.
Only the clay soil is considered in the sensitivity analysis, since the gravelly sand would always produce
predicted scour that is substantially larger than the observed scour.

As discussed in Section 6, sample B-4 P-2 was very resistant to erosion. The threshold velocity for
erosion was about 2 m/s. The surface of the clay soil was smooth until the threshold velocity, then the
soil eroded non-uniformly (in chunks) to produce an uneven surface. Hence, it is reasonable to assume
that the roughness height was close to zero up to about the threshold velocity, and then increased as the
soil began to erode. Note that roughness height has a more significant effect on the calculated bed shear
stress for the clay than for the sand (c.f., Figures 6.4 and 6.5). Moreover, the slope of the erosion rate
versus shear stress curve for the clay was calculated with only two data points. Hence, there were large
uncertainties in the critical shear stress and slope of the erosion rate versus shear stress curve for the clay.

Figure 8.21 shows the effect of critical shear stress on the predicted final scour depth. All the other input
parameters are the same as in the baseline case. The critical shear stress is varied from 8.22 to 24 N/m?,
which corresponds roughly to the range of critical shear stress for € between 0 and 1 mm. The predicted
final scour depth is very sensitive to the critical shear stress and the value of €. If a roughness height of
0.25 mm instead of zero is assumed when calculating the applied bed shear stress, the critical shear stress
will increase from 8.22 to 14.22 N/m®. This will reduce the predicted scour depth from 1.43 to 0.94 ft, or
about 34%. In practice, it would be impossible for the operator to estimate the roughness height to within
+0.5 mm. Therefore, the method used to estimate the applied bed shear stress in the EFA test is
inherently unreliable.

Figure 8.22 shows the effect of the slope of the erosion rate versus shear stress curve on the predicted

final scour depth. The slope is varied from 0.1 to 1.41 mm/hr/(N/m?). All other input parameters are the
same as in the baseline case. The highest slope (1.41 mm/hr/(N/m?) corresponds to the erosion rate curve
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for e = 0 mm. Since the critical shear stress is held fixed, decreasing the slope of the erosion rate curve is
equivalent to using a larger € value to calculate the applied bed shear stress for those flow velocities
above the threshold velocity. As discussed above, this may be justified by the observation that during the
EFA test the soil surface became more uneven as the flow velocity increased. Figure 8.22 shows that the
slope of the erosion rate curve has a significant effect on the predicted scour depth. Reducing the slope
from 1.41 to 1.0 mm/hr/(N/m?) would reduce the predicted final scour depth from 1.43 to 1.09 ft, or about
24%. Note that if a roughness height of 0.25 mm is assumed when calculating the applied bed shear
stress, the slope of the resulting erosion rate versus shear stress curve would be 0.71 mm/hr/(N/m?).
Hence, the reduction in slope described above can be produced by a very small increase in € value. For
soils that are highly resistant to erosion, a small increase in the assumed bed roughness height can
produce a big increase in the estimated bed shear stress, since the flow velocity needs to erode the soil is
large and the bed shear stress is proportional to the velocity squared. The corresponding increase in
critical shear stress and decrease in the slope of the erosion rate versus shear stress curve can have a
significant effect on the computed scour depth.
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Figure 8.21 Effect of critical shear stress on predicted final scour depth at bent 3
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Figure 8.23 Effect of approach flow velocity on predicted final scour depth at bent 3

Figure 8.23 shows the effect of approach flow velocity on the predicted final scour depth. A velocity
correction factor of 1.2 was assumed in the baseline case to account for the difference in the measured
and computed approach flow velocities at bent 3 (see Figures 8.12 and 8.13). This correction presumably
accounts for the uncertainty in the downstream water depth (5 to 10%) and the effect of the skewed
bridges (about 10%). The effect of approach flow velocity on the predicted final scour depth depends on
the bed roughness height used in the bed shear stress calculations. In Figure 8.23, the variation of
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predicted final scour depth with velocity correction factor is presented for four different € values (0, 0.25,
0.5, and 1.0 mm). For ¢ =0, varying the approach flow velocity by 10% would change the predicted final
scour depth by 20 to 30%. The percent changes in scour depth are somewhat higher for larger values of «,
when the predicted scour depth is smaller. These results highlight the important relationship between soil
erodibility and flow velocity. In order to predict scour depth accurately, it is critical to reduce the
uncertainties in the applied bed shear stress in the EFA test and the approach flow velocity from the
hydraulic analysis.

Based on our estimates of critical shear stress, slope of the erosion rate versus shear stress curve,
approach flow velocity and water depth, the SRICOS method predicted that the final scour depth at the
Split Rock Creek sites would be small. This result is in qualitative agreement with the measured scour.
However, the uncertainty in the predicted scour depth was very large compared with the scour depth
measured.

8.7 Effect of Hydrograph

To examine the effect of the shape of the hydrograph on the predicted scour depth, we have used an
alternative approach to construct the hydrograph for the flood on May 8, 1993. A common synthetic
hydrograph used for engineering projects is the Soil Conservation Service (SCS) Dimensionless Unit
Hydrograph (US Soil Conservation Service 1964). The SCS synthetic hydrograph was originally
intended for use with rural watersheds smaller than 25 square miles in area, but has been applied to
drainage areas up to several hundred square miles.

The ordinate of the unit hydrograph is Q/Q, and the abscissa is t/t,, where Q, and t, are the peak discharge
and time to peak discharge measured from the beginning of excess rainfall (also called time of rise),
respectively. The peak discharge and time to peak discharge can be estimated using the following
equations:

L,
tp :E+O.6tc (8.1)
484A
Q= " (8.2)

where t is the time to peak discharge, t, is the rainfall duration, t is the time of concentration, all

measured in hr; Q ;is the peak flow rate in ft*/s; and A is the drainage area in mi’.

For the Split Rock Creek bridges, A = 466 mi®. Rainfall records at the nearby EROS Data Center show
the peak of the storm at around 20:30 hr on May 7, with 2.4 in of rain fallen between 19:00 and 24:00 hr.
The total amount of rainfall in the preceding 19 hours was 0.9 in. Therefore, we assume that the main
runoff from the storm began at 19:00 hr on May 7 and the storm duration was 5 hr. The peak flow
recorded at the Split Rock Creek at Corson gauging station was 18,900 ft*/s on May 8, but the exact time
is unknown. However, USGS had conducted stream gauging at the bridge sites between 14:25 and 15:45
hr on May 8 and measured a discharge of 14,700 ft*/s when the flood was receding. Using the
hydrograph transferred from Skunk Creek (Figure 8.18), we estimate that it would take 3 to 4 hours for
the discharge to decrease from 18,900 to 14,700 ft*/s. Thus, the time to peak discharge measured from

the beginning of excess rainfall or time of rise tpwould be around 17 hr. With tp =17hr, t,=5hr, and
A =466 mi’, we get t, = 24.2 hrand Q, = 13,267 ft’/s from Equations (8.1) and (8.2). Since a unit
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hydrograph corresponds to 1 in of surface runoff, this implies that the precipitation excess is about
18900/13267 or 1.42 in, which is less than the 2.4 in of rainfall measured. The difference is presumably

lost to infiltration. The predicted final scour depth obtained using the SCS synthetic hydrograph for t /=
17 hris 1.74 ft.

Figure 8.24 compares the SCS synthetic hydrograph for t ;=17 hr with the transferred hydrograph from
Skunk Creek. The time axis of the SCS synthetic hydrograph for t /=17 hr has been shifted so that the

peak flow occurs at t = 36 hr. Figure 8.24 shows that the SCS synthetic hydrograph for t /=17 hris

slightly wider on the rising side but much narrower on the falling side compared with the transferred
hydrograph from Skunk Creek. The transferred hydrograph is consistent with the rainfall record. The
rainfall was 0.3 in on May 6 and 0.9 in from 0:00 to 19:00 hr on May 7, followed by 2.4 in of rainfall
from 19:00 to 24:00 hr. Therefore, we should expect the hydrograph to rise slowly in the first 24 hr
followed by a steep rise for several hours when the main part of the storm arrived. In applying the SCS
synthetic hydrograph, we have assumed a uniform storm of 5 hours duration. The resulting hydrograph

with t ;=17 hr compares well with the transferred hydrograph on the rising side, but the falling limb is
not modeled well since rainfall excess and base flow after May 7 were not included.

Figure 8.25 shows the corresponding SRICOS simulation using the SCS synthetic hydrograph for t =17

hr. Scouring starts when the discharge exceeds about 4,000 ft*/s. The time from initiation of scour to the
peak flow is about 12 hr and the predicted scour depth at peak flow is 0.98 ft for the SCS synthetic
hydrograph, compared with 7 hr and 0.55 ft, respectively, for the transferred hydrograph from Skunk
Creek. The predicted final scour depth of 1.74 ft is achieved in about 30 hr. This may be compared to a
predicted final scour depth 1.43 ft for the transferred hydrograph from Skunk Creek, which is achieved in
40 hours. The predicted final scour depth is larger for the synthetic hydrograph because the duration of
scour when the erosion rate is high is longer, even though the overall duration of scour is shorter.

If we use the same value of t (= 36 hours) as the transferred hydrograph from Skunk Creek, we get Q =

6,265 ft*/s from Equation (8.2). This corresponds to a precipitation excess of 18900/6265 or 3.0 in, which
is almost the same as the total rainfall of 3.6 in measured since May 6. Figure 8.24 shows that the SCS

synthetic hydrograph for t ;= 36 hr is much wider than the transferred hydrograph from Skunk Creek.
The predicted final scour depth using the SCS synthetic hydrograph for t =36 hris 2.83 ft. The
corresponding value of t_ from Equation (8.1) is 55.8 hr, which is probably too large for this small
watershed. These results show the effect of the hydrograph on the predicted scour depth. The SCS
synthetic unit hydrograph is defined by specifying either Q, or t . Then, the other parameter is
calculated from Equation (8.2). In general, the time to peak discharge t , is estimated. As the above
analysis shows, uncertainty in t jwould translate into uncertainty in the predicted scour depth. The

temporal distribution of rainfall also has a significant effect on the shape of the hydrograph. In order to
model the runoff accurately, one would need to know the temporal distribution of rainfall excess. In
Section 11, we describe a simple method to estimate the duration of the hydrograph from estimated peak
flow, rainfall depth, and the SCS curve number.
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Figure 8.24 Comparison of transferred hydrograph from Skunk Creek with Soil
Conservation Service synthetic hydrographs for the May 8, 1993, flood.
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Figure 8.25 SRICOS simulation for bent 3, May 8, 1993, flood using Soil Conservation Service
synthetic hydrograph. The erosion rate versus shear stress curve is for clay with a roughness
height of 0 mm. The critical shear stress 1. iS shown as a dashed line in the initial bed shear
stress plot.

146



8.8 Conclusions

SRICOS simulations were conducted to predict local scour at bent 3 in the main channel of the westbound
bridge. About 2 ft of local scour was measured between July 2, 1992, and May 8, 1993. Most of the
scouring was produced by a large flood on May 8, 1993. Using the measured erosion rate versus shear
stress curve for clay from the left abutment, the SRICOS method predicted that the local scour produced
by the May 8 flood would be 1.43 ft, which is in qualitative agreement with field measurements. A
continuous recorded hydrograph was not available for this site in 1992-1993. Two methods were used to
estimate the flood history. In the first method, the measured hydrograph from Skunk Creek in a nearby
watershed was scaled so that the peak discharge was the same as the recorded peak discharge at the Split
Rock Creek site. In the second method, a synthetic hydrograph was constructed using the Soil
Conservation Service (SCS) dimensionless unit hydrograph. It was found that the predicted final scour
depth is sensitive to the shape of the hydrograph, and specifically to the time to peak discharge.

The study also shows that soil types can vary considerably (e.g., from cohesive to non-cohesive soils)
from one side of the channel to the other, and drilling at the abutment cannot always provide reliable
information on the soil stratigraphy at the bridge pier of interest. If the erosion rate versus shear stress
curve for the sand from the right abutment was used in the SRICOS simulation, the predicted final scour
depth at bent 3 would be 6.67 ft. Also, there was large uncertainty in the calculated bed shear stress in the
EFA tests. The applied bed shear stress could not be determined accurately by estimating the bed
roughness. For cohesive soils, the threshold velocity for initiation of soil erosion can be very large. Since
the bed shear stress is proportional to the flow velocity squared, a small increase in the assumed bed
roughness height could produce a big increase in the calculated bed shear stress, leading to large
uncertainty in the critical shear stress and slope of the erosion rate versus shear stress curve. More
reliable methods for determining bed shear stress which do not require estimation of bed roughness height
are needed, especially for fine-grained soils. Furthermore, it is important to obtain geotechnical data
(specifically, obtain thin wall tube samples) at each pier location.

The main advantage of the EFA is that soil samples from specific depths at the bridge site can be obtained
with a thin wall tube and tested in the EFA relatively “undisturbed.” However, this advantage is achieved
at the expense of other drawbacks. First, the eroding surface (3 inches in diameter) in the EFA test is too
small for accurate erosion rate measurements; soil heterogeneity and edge effects could significantly
affect the measured soil erosion rates. Second, the erosive action of the water on the eroding surface
cannot be determined reliably by estimating the bed roughness. The soil surface often erodes non-
uniformly, which may be the result of edge effects as well as soil heterogeneity. Once non-uniform
erosion starts, there is no objective way to determine either the soil erosion rate or the applied bed shear
stress.

The approach flow velocity is another important source of uncertainty in scour prediction using the
SRICOS method. It was found that the approach flow velocity had a significant effect on the predicted
final scour depth. However, at both the Big Sioux River and Split Rock Creek sites, the one-dimensional
river model HEC-RAS had underestimated the approach flow velocity. It was also found that good
agreement in computed and measured water surface elevations did not ensure that the computed flow
velocities were correct.

147



148



9. HYDRAULIC AND SCOUR ANALYSIS, WHITE RIVER BRIDGE

9.1 Site Description

A general description of the White River Bridge can be found in Section 4. Additional site information
needed for hydraulic and scour analysis is included in this section.

Figures 9.1 and 9.2 show a topographic map and an aerial photograph of the bridge site. Figures 9.3
through 9.8 show pictures of the bridge crossing taken during a field survey on August 8, 2007, when the
recorded daily mean flow was 3,740 ft*/s. The two piers in the main channel are bent 2 (adjacent to left
bank) and bent 3 (adjacent to right bank). The bridge crossing is located on a meander but the approach
flow is directed away from the left bank by two spurs constructed on the upstream and downstream banks
extending into the main channel. At the bridge crossing, the left and right bank was stable and covered
with grass and weeds. There was some erosion on the left bank upstream and downstream beyond the
spurs. The river was laden with fine sediment, which gave the water a white color. The floodplain
upstream and downstream of the bridge crossing is about 3,300 ft wide. However, HEC-RAS predicts
that for the maximum discharge in 1991-1993 (10,000 ft*/s), the river flow would be confined within the
main channel.

mo 200, 400, 600,

yds | 200" 400’ 600"

Figure 9.1 Topographic map (7/1/1979) of bridge site (http://terraserver-usa.com)
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Figure 9.2 Aerial photograph (8/13/1991) of bridge site (http://terraserver-usa.com)

Figure 9.3 Picture from left bank facing along upstream face toward right bank.
The two main channel piers are bent 2 (adjacent to left bank) and bent 3

(adjacent to right bank).
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Figure 9.4 Picture from bridge facing downstream along left bank

08.08.2007

Figure 9.5 Picture from bridge facing upstream along left bank
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i
Figure 9.6 Picture from right bank facing along downstream face toward left bank

08.08.2007

Figure 9.7 Picture from bridge facing upstream
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Figure 9.8 Picture from bridge facing downstream

Figure 9.9 shows the measured cross sections on the upstream and downstream faces of the bridge on
August 1, 1991, and May 8, 1993. Bent 2 is 128 ft and bent 3 is 249 ft from the left abutment. At the
upstream cross section, there is about 5 ft of pier scour at bent 2 and 4 ft of pier scour at bent 3. At the
downstream cross section, there is erosion around bent 2 and deposition around bent 3. No contraction or
abutment scour is evident from Figure 9.9.

The White River near Oacoma streamflow gauging station (06452000) is located 55 miles downstream
from the bridge site. The drainage areas at the Oacoma station and at the bridge site are 10,200 mi’ and
9,343 mi?, respectively. Between August 22, 1991, and May 8, 1993, the peak flow recorded at the
Oacoma station occurred on March 21, 1993, with a recorded daily mean discharge of 10,000 ft*/s.

Four borings (B-7 through B-10) were completed at this site. The data collected from the subsurface
explorations and the basic index and geotechnical engineering properties of the site soils are presented in
Section 5. The results of EFA tests are presented in Section 6. Four thin wall tube samples (B-9 P-1, B-9
P-2, B-10 P-5, and B-10 P-7) were determined to be the most probable representative samples at the two
main channel piers (bent 2 and bent 3). The measured erosion rate curves for these four samples (Figures
6.11, 6.12, 6.15,and 6.16) were used to predict the local scour depths at the two main channel piers.
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Figure 9.9 Upstream and downstream cross sections at White River Bridge near Presho (after Niehus
1996). The pier centerline stations are 128 ft (bent 2), 249 ft (bent 3), 345 ft (bent 4), and 389
ft (bent 5) from the left abutment.
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9.2 Hydraulic Modeling

Hydraulic modeling was conducted using the one-dimensional River Analysis System HEC-RAS. The
river system schematic used in the computation is shown in Figure 9.10. Six surveyed and three un-
surveyed cross sections were used in the HEC-RAS computation. River Stations 1, 2, 3, and 4 are located
6,720 ft, 4,960 ft, 1,360 ft, and 400 ft, respectively, downstream from the cross section immediately
downstream of the bridge (River Station 5). River Station 5 is located 5 ft downstream from the bridge; it
was surveyed during low flow on April 16, 1992. River Station 6 is located 5 ft upstream from the bridge
and it was surveyed during low flow on August 22, 1991. River Stations 7, 8, and 9 are located 310 ft,
800 ft, and 5,180 ft, respectively, upstream from River Station 6. HEC-RAS superimposes the bridge
geometry onto cross sections 5 and 6 to form the cross sections inside the bridge at their respective
upstream and downstream ends. Manning coefficient was selected following the following guidelines:
0.03 (clean and straight channel), 0.035 (pasture and farmland), 0.05 (light brush), 0.075 (heavy brush),
and 0.15 (trees).

The width of the bridge deck is 30.0 ft. The pier centerline stations are 128 ft (bent 2), 249 ft (bent 3),
345 ft (bent 4), and 389 ft (bent 5) from the left abutment (see Figure 9.9). The width of the piers is 3.25
ft. Upstream and downstream embankment side slope was entered as 2 horizontal to 1 vertical. The high
chord and low chord elevations were estimated from the bridge drawings and entered into the program.
However, their values had no effects on the computed results since the bridge was not overtopped.

The Energy (Standard Step) method was used to compute flow through the bridges, categorized as class A
low flow (sub-critical flow with water surface below the low chord). The stage-discharge relationship at
the downstream cross section (River Station 1) is unknown. Therefore, uniform flow was assumed at
River Station 1 with an average channel slope of 0.00051.

1

Figure 9.10 River schematic used in HEC-RAS computation
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Table 9.1 Comparison of measured and computed water surface elevations at bridge cross sections
upstream (BU) and downstream (BD). The discharges were measured by standard stream
gauging method using a Price AA type current meter. Water surface elevations at the bridge
were computed using two different Manning n values (0.02 and 0.03) for the main channel.

o WSEL (ft) WSEL (ft)
Date 3
(ft'/s) | (deg) | (Measured) (HEC-RAS)
1,576.51 (BU)
1,574.78 (BU)
5/8/1993 | 7,040 | 0 1,576.46 (BD)
1,574.60 (BD)
(n=0.03)
1,575.02 (BU)
1,574.78 (BU)
5/8/1993 | 7,040 | © 1,574.94 (BD)
1,574.60 (BD)
(n=0.02)

Table 9.1 shows a comparison of the measured and computed water surface elevations on the upstream
and downstream faces of the bridge for May 8, 1993. There were no flow measurements on August 22,
1991, and April 16, 1992. This table shows that the computed water surface elevations are significantly
higher than the measured elevations when a Manning n value of 0.03 (earth, winding, no vegetation) is
used for the main channel. The computed water surface elevation at the bridge is not sensitive to the
water surface elevation prescribed downstream at River Station 1. This is because the distance between
the two stations is very large (about 6,720 ft). On the other hand, the computed water surface elevation at
the bridge is very sensitive to the value of the Manning coefficient used in the main channel. As shown in
Table 9.1, the computed and measured water surface elevations at the bridge are much closer for a
Manning n value of 0.02 (bare soil). Reducing the length of the river reach downstream of the bridge also
reduces the computed water surface elevation at the bridge (not shown). Although a shorter reach length
may be reasonable at high flows (e.g., Q10 and Qsgo), When the river overflows its banks and into the
floodplain, it cannot be justified for the much smaller discharges considered here (Q, or less). For flow
discharge up to 10,000 ft*/s, HEC-RAS predicts that the river would be confined within the main channel.
Unless stated otherwise, the hydraulic calculations presented in this section are based on a Manning n
value of 0.02 in the main channel and reach length measured along the main channel.

Figure 9.11 shows the computed water surface profile for a flow discharge of 7,040 ft*s and n = 0.02 in
the main channel. The downstream cross section (River Station 1) is 6,760 ft from the upstream face of
the bridge (River Station 6). As seen in Figure 9.11, the downstream flow is almost uniform. HEC-RAS
computations show that increasing the water depth at River Station 1 by 20% would result in a 3%
increase in water depth at the bridge and a 6.5% decrease in approach flow velocity at bent 2. Whereas,
decreasing the water depth at River Station 1 by 20% would result in a 0.8% decrease in water depth at
the bridge and a 1.5% increase in approach flow velocity at bent 2. Hence, the effects of downstream
water depth on the water surface elevation and flow velocity at the bridge are very small.

HEC-RAS computations also show that the width of the water surface is about the same at the four

upstream cross sections. At Q = 7,040 ft*/s, the width of the flow at River Stations 6, 7 , 8, and 9 are 218,
208, 201, and 196 ft, respectively.
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Figure 9.12 shows a comparison of the measured and computed velocity distributions on the upstream
side of the bridge for May 8, 1993. At the bridge crossing, the measured flow angle of attack was close to
zero (i.e., perpendicular to the bridge). The computed velocity is generally correlated to the flow depth
and is highest around bent 2 and bent 3. The measured velocity is highest in the middle portion of the
main channel, and decreases rapidly towards the left and right banks. Note that the effects of the spurs on
the flow were not modeled in HEC-RAS. Figure 9.12 shows that the computed and measured velocities
are about the same at bent 2 (128 ft from left abutment), but the computed velocity is almost twice as
large as the measured velocity at bent 3 (249 ft from left abutment). Figure 9.13 shows a cross section
plot of the measured ground elevation and computed water surface elevation and flow velocity
distribution on the upstream face of the bridge (River Station 6) for Q = 7,040 ft*/s. Note that the water is
deeper around bent 2 and bent 3 (128 ft and 249 ft from the left abutment), and, naturally, HEC-RAS
predicts that the flow velocity is higher at these two locations. The channel cross sections at River
Stations 7, 8, and 9 have the same characteristics, and the computed velocity distributions are
qualitatively similar to that shown in Figure 9.13. That is, higher flow velocities are found near the left
and right banks, with lower velocities in the middle part of the channel.

Figures 9.14 and 9.15 show the rating curves for the computed water surface elevation on the upstream
face of the bridge for n = 0.02 and 0.03. At medium to high flows (Q = 4,000 to 10,000 ft*/s), the
computed water surface elevation at the bridge is 1.0 to 1.5 ft higher when the larger Manning n value is
used. These differences in water surface elevation have a significant effect on the approach flow velocity.
Figures 9.16 through 9.19 show the corresponding rating curves for the computed approach flow
velocities at bent 2 and bent 3. For the smaller water depth (n = 0.02), the computed approach flow
velocity is 1.5 to 2.0 ft/s higher at bent 2 and 1.0 to 1.5 ft/s higher at bent 3 compared with the larger
water depth (n = 0.03).

Figures 9.14 and 9.15 show that the computed water surface elevation for Q = 10,000 ft¥s is 1,576.62 ft
forn=0.02 and 1,578.12 ft for n = 0.03. These elevations are below the right over bank elevation of
1,579 ft (see Figure 9.9). Hence, the river should be confined within the main channel during the flood on
May 8, 1993.

Presho Site Plan: Plan 18 6/23/2008
White River 2
15957 Legend
1590 EG PF1
] WS PF1
1585 —
] Crit PF1
) ] —_——
= 15807 Ground
il R
g ]
T 1575
g /
1570
1565—44_777’r/,,,//”””””///&\
1560 ————7—————r—————F—"—"—"—+—r+———1+———
0 2000 4000 6000 8000 10000 12000
Main Channel Distance (ft)

Figure 9.11 Computed water surface profile for Q = 7,040 ft*/s and n = 0.02 (main channel).
The channel cross section and slope are nearly uniform downstream of the bridge crossing.
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Figure 9.12 Comparison of measured and computed approach flow velocities on upstream face of bridge
for May 8, 1993. The pier sets are located at 128 ft (bent 2), 249 ft (bent 3), 345 ft (bent 4),
and 389 ft (bent 5).
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Figure 9.13 Cross section plot at River Station 6 on upstream face of bridge showing measured ground
elevation, computed water surface elevation, and computed flow velocity distribution for a
discharge of 7,040 ft¥s.

158



1677

1576}

1576

1574}

1573

1572

W.S. Elevation (ft)

-
wm
-~
—

1570 i
W.S. Elev. = -74.66q +254 473q-342 514" +232 686q°
1564 -85.725q°+23.047q+1569.305, g=0/10000 !
15685 2000 4000 6000 8000 10000
Q (f'fs)
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Figure 9.15 As in Figure 9.14, but for n = 0.03
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Figure 9.17 As in Figure 9.16, but for n=0.03
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9.3 Erosion Rate versus Shear Stress Curves

The erosion rate versus shear stress curves used for scour prediction at the White River Bridge include
Figures 6.11 (boring B-10 P-5), 6.12 (boring B-10 P-7), 6.15 (boring B-9 P-1), and 6.16 (boring B-9 P-2).
Borings B-9 P-1 and B-9 P-2 were collected from the left abutment; Figures 6.15 and 6.16 were used to
calculate the pier scour at bent 2. Borings B-10 P-5 and B-10 P-7 were collected from the right abutment;
Figures 6.11 and 6.12 were used to calculate the pier scour at bent 3. In these figures, the measured soil
erosion rates have been fitted with a straight line for bed shear stress calculated using four different values
of roughness height (¢ = 0, 1, 2 and 3 mm). In the EFA test, the roughness height must be estimated in
order to calculate the applied bed shear stress. One approach is to estimate the € value individually for
each of the flow velocities tested. For simplicity, this approach was not used in this study. Instead, a
constant € value was used to calculate the bed shear stress for all the flow velocities tested. To assess the
effect of uncertainty in the calculated bed shear stress on the predicted scour depth, SRICOS simulation
was conducted first using one of the four erosion rate curves (¢ =0, 1, 2 or 3 mm). The results of this
simulation then form the baseline case. The scour analysis was then repeated for other € values and for a
range of critical shear stress and slope of erosion rate versus shear stress curve.

9.4 Scour Measurements

Measured cross sections at the bridge are available on August 22, 1991, and May 8, 1993 (see Figure 9.9).
These profiles show about 5 ft and 4 ft of pier scour at bent 2 and bent 3, respectively, on the upstream
face of the bridge. No contraction or abutment scour is evident from Figure 9.9. HEC-RAS
computations conducted for a discharge of 10,000 ft*/s (the maximum daily mean flow recorded in 1991-
1993 at the Oacoma station) show that the river would be confined within the main channel. The
computed widths of the water surface at River Stations 6, 7, 8, and 9 upstream of the bridge for Q =
10,000 ft®/s are 225, 217, 205, and 204 ft, respectively. Hence, there was probably not a great deal of
flow contraction at the bridge during the floods in 1991-1993, and most of the measured scour should be
local scour.

9.5 Flow Histories

Real-time flow data are available from the Oacoma station located 55 mi downstream from the bridge
site. Figure 9.20 shows the recorded daily mean discharge from August 1, 1991, through May 31, 1993.
Note that the discharge data from November 1992 to March 1993 are only estimated values. Between
August 1, 1991, and May 31, 1993, the maximum daily mean discharge was recorded on March 21, 1993,
and had an estimated value of 10,000 ft*/s. We had discussed the river conditions in 1991-1993 with the
USGS district office in Huron, South Dakota. In 1993, the river around the Oacoma station was not free
of ice until March 26, after the March flood had subsided. Streamflow measurements were conducted at
the Oacoma station by the USGS on March 11 to obtain the gauge height for flow discharge corrections.
The shift adjustment to the gauge height was -6.15 ft (http://waterdata.usgs.gov/nwis/sw), which suggests
the presence of large ice jams downstream of the gauging station. Ice jams would typically increase the
water surface elevation and decrease the flow velocity. We do not know whether the flow conditions at
the bridge site were also affected by ice on March 21, 1993. Because of this, the results from HEC-RAS
for the month of March should be treated with caution.

There is a delay time of about one day between the flow recorded at the bridge and at the gauging station
near Oacoma. For example, streamflow measurements were collected at the bridge site by the USGS
during a flood on May 8, 1993. The peak discharge from this flood was not recorded at the Oacoma
station until May 9.
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Figure 9.20 Daily mean discharge from White River near Oacoma streamflow
gauging station for August 1, 1991, through May 31, 1993.

9.6 Scour Predictions

The input parameters for scour predictions are given in Table 9.2.

Table 9.2 Summary of basic input parameters for scour prediction for baseline conditions

Pier geometry:

Channel geometry:

Flow parameters:
Fluid parameters:

Soil parameters:

Hydrograph:

Pier width B = 3.75 ft, pier length L = 30.25 ft, pier shape circular (octagonal).

Channel upstream width W, = 225 ft, number of piers N = 2, pier spacing S =
120.5 ft, bed elevation Y= 1566.48 ft (bent 2) and 1568.50 (bent 3).

Flow angle of attack o = 0.
Density p = 998.2 kg/m® kinematic viscosity v =1.004 x 10° m?/s

Bent 2: critical shear stress 7, = 1.99 (B-9 P-1) and 12.40 (B-9 P-2) N/m? slope
of erosion rate versus shear stress curve C; = 83.96 (B-9 P-1) and 30.36 (B-9 P-2)
mm/hr/(N/m?) (corresponding to € = 0).

Bent 3: critical shear stress 7. = 0.30 (B-10 P-5) and 0.27 (B-10 P-7) N/m? slope
of erosion rate versus shear stress curve C,; = 612.84 (B-10 P-5) and 298.98 (B-10
P-7) mm/hr/(N/m?) (corresponding to & = 0).

Time step At = 24 hours (daily mean flow), number of time steps M = 649
(August 22, 1991, through May 31, 1993).

Because the river flow in 1991-1993 was confined within the main channel, the width of the main channel
and the centerline-to-centerline distance between bent 2 and bent 3 were used for the channel width and
pier spacing in the SRICOS simulations. The estimated drainage areas at the bridge site and at the
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Oacoma station were 10,200 and 9,343 mi?, respectively (Niehus 1996). Therefore, a drainage-area ratio
adjustment of 0.957 (= +/9343/10200) was applied to the hydrograph shown in Figure 9.20 to transfer the
daily mean discharge recorded at the Oacoma station to the bridge site. The flow angle of attack was
assumed to be zero based on the streamflow measurements collected by the USGS on May 8, 1993, when
the measured discharge was 7,040 ft*/s. In addition, the pier width (3.75 ft) used in the SRICOS
simulations was the width of the base of the piers, which is slightly larger than the pier width (3.25 ft).

When SRICOS simulations were performed for bent 2 using the erosion rate versus shear stress curves
from Figure 6.15 (boring B-9 P-1), the predicted final scour depths for the four different values of € (0, 1,
2, and 3 mm) are 7.34, 7.23, 7.19, and 7.16 ft, respectively. However, more than 2 ft of scour was
developed in the first 24 hours when the daily mean discharge was only 166 ft*/s. These results are not
reasonable. In addition, the initial bed shear stress at the pier exceeds the critical shear stress for all the
flow velocities in the hydrograph. Although the erosion rate decreases as the € value increases, it is still
so high that maximum potential scour is reached in most of the time steps.

When SRICOS simulations were performed using the erosion rate versus shear stress curves from Figure
6.16 (B-9 P-2), the predicted final scour depth was 7.18 ft for & = 0 (1. = 12.4 N/m? slope = 30.36
mm/hr/(N/m?)) and 0 ft for € = 1 mm (t. = 34.85 N/m? slope = 9.24 mm/hr/(N/m?)). Figure 9.21 shows
the results for the former case. From top to bottom, the plots show the time history of flow discharge Q,
approach flow velocity V1, approach flow depth y;,, initial bed shear stress t, initial rate of scour dz/dt,
maximum (equilibrium) scour depth z,x, and predicted scour depth z. The critical shear stress z. is
shown as a dashed line in the initial bed shear stress plot. Note that the critical shear stress is exceeded by
many small floods. Consequently, much of the final scour is already developed before the large floods in
March and May 1993 arrived.

For the predicted scour to match the observed scour, the critical shear stress has to be increased from 12.4
to 31.5 N/m?, assuming that the slope of the erosion rate versus shear stress curve remains the same (i.e.,
30.36 mm/hr/(N/m?)). The results for this case are shown in Figure 9.22. Note that the entire scour is
now produced by the two largest floods in March 1993 (daily mean discharge = 7,650 and 9,570 ft*/s).

Similarly, SRICOS simulations were carried out for bent 3, using the erosion rate versus shear stress
curves from Figures 6.11 and 6.12. The soil samples taken from the right abutment were used because
borehole B-10 was closest to bent 3 (see Figure 5.22). The predicted final scour depths for Figure 6.11
ande=0,1,2,and 3 mm are 6.71, 6.68, 6.67, and 6.66 ft, respectively. The corresponding results for
Figure 6.12 are 6.69, 6.63, 6.61, and 6.60 ft. As seen, there are hardly any differences in the predicted
final depth for bent 3 when we change the critical shear stress and the slope of the erosion rate versus
shear stress curve. In all four cases, the critical shear stress is exceeded at all velocities and the erosion
rate is so high that the predicted final scour depth remains close to the maximum equilibrium scour depth.
The slight differences in predicted final scour depth are related to the different erosion rates, which
determine how closely the final scour depth would approach equilibrium scour.
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Figure 9.21 SRICOS simulation for bent 2, August 22, 1991, through May 31, 1993. The discharge is
daily mean flow. The erosion rate versus shear stress curve is from Figure 6.16 (boring B-9
P-2) with & = 0 which corresponds to a critical shear stress of 12.4 N/m” and slope of
erosion rate versus shear stress curve of 30.36 mm/hr/(N/m?). The critical shear stress 1 is
shown as a dashed line in the initial bed shear stress plot.

165



| TR T . f
100 200 300 40 500 600 700

Figure 9.22

100 200 300 400 500
t (day)
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versus shear stress curve is from Figure 6.11 (boring B-10 P-5) with a critical shear stress of
0.30 N/m* and slope of erosion rate versus shear stress curve of 612.84 mm/hr/(N/m?) (e =
0). The critical shear stress 1. is Shown as a dashed line in the initial bed shear stress plot.
The calculated approach flow velocity has been reduced by 50% based on the field

measurements on May 8, 1993.



The predicted final scour depth at bent 3 is significantly larger than the observed scour of 4 ft (Figure
9.9). Based on the field measurements on May 8, 1993, the calculated approach flow velocity at bent 3 is
larger than the measured velocity by about a factor of two (see Figure 9.12). In a revised SRICOS
simulation, the computed approach flow velocity at bent 3 was reduced by 50% for all the flow velocities
in the hydrograph. The predicted final scour depths obtained using Figure 6.11 and € =0, 1, 2, and 3 mm
are 4.30, 4.27, 4.25, and 4.24 ft, respectively. The corresponding results obtained using Figure 6.12 are
4.27,4.22, 4.20, and 4.18 ft. These values are close to the measured scour depth. Figure 9.23 shows the
results obtained using Figure 6.11 and € = 0; the results for the other cases are similar. As seen, the soil at
bent 3 was very erodible, and both the critical shear stress and slope of the erosion rate curve have
virtually no effects on the predicted final scour depth. The final scour depth is essentially determined by
the equilibrium scour depth corresponding to the flow velocity produced by the largest flood, and
changing the critical shear stress and slope of the erosion rate versus shear stress curve mainly affects the
temporal distribution of scour depth.

9.7 Sensitivity Analysis

A sensitivity analysis was conducted to examine the effects of critical shear stress and slope of the erosion
rate versus shear stress curve on the predicted final scour depth at bent 2. To examine the sensitivity of
final scour depth to the critical shear stress we use the erosion rate versus shear stress curve for € = 0 as
the baseline. We keep the slope of this curve fixed (i.e., 30.36 mm/hr/(N/m?)) and vary 1. from 12.4 to
33.49 N/m?. The calculated final scour depths are presented in Figure 9.24. As seen, the predicted final
scour depth decreases slowly as the critical shear stress increases until . is around 25 N/m?, then
decreases rapidly with further increase in the critical shear stress. This phenomenon can be explained as
follows. As the critical shear stress increases, there are fewer and fewer flow velocities that can produce
scour. However, as long as the large floods can produce scour close to the equilibrium scour, the
predicted final scour depth would not be significantly affected by the value of the critical shear stress.
The predicted final scour depth starts to decrease rapidly when the critical shear stress becomes so large
that there is insufficient time for equilibrium scour to be reached even for the large floods (see Figure
9.22). The point at which a small increase in critical shear stress would start to produce a large decrease
in the predicted final scour depth would depend on the slope of the erosion rate curve. That threshold
should increase with the slope of the erosion rate curve. For soils that have high erosion rates, the
threshold would be high and the final scour depth would be relatively insensitive to uncertainty in the
critical shear stress measured, since equilibrium scour can still be reached during the large floods. For
soils that have slow erosion rates, the threshold would be low and the final scour depth would be more
sensitive to the critical shear stress measured. Based on the same reasoning, since there are more large
floods in a long hydrograph than in a short hydrograph, it follows that the predicted final scour depth
would be more sensitive to uncertainty in the critical shear stress for short hydrographs than for long
hydrographs.

The critical shear stress that would produce the observed scour is 31.5 N/m? (Figure 9.22). Given the
sensitivity of the predicted scour depth to the critical shear stress in the region between 25 and 35 N/m?
(Figure 9.24), one would need to have very precise measurements of critical shear stress in order to
produce the observed scour depth. It is also evident that neither of the erosion rate curves provided by
TAMU (Figures 6.13 and 6.14) would produce the observed scour. The erosion rate curve in Figure 6.13
would produce excessive scouring, whereas the curve in Figure 6.14 would produce too little scour.

To examine the sensitivity of the final scour depth to the slope of the erosion rate versus shear stress
curve, we have kept the critical shear stress 7. fixed and varied the slope of the erosion rate versus shear
stress curve from 30.36 mm/hr/(N/m?) (corresponding to & = 0) to 5.96 mm/hr/(N/m?) (corresponding to &
=3 mm). The calculated final scour depths for 7. equal to 12.4 and 31.5 N/m*are presented in Figure
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9.25. Fort, =12.4 N/m? the initial bed shear stress at the pier exceeds the critical shear stress for most
discharges in the hydrograph, and the predicted final scour depth is close to the equilibrium scour depths
for the large floods. As discussed above, decreasing the slope of the erosion rate versus shear stress curve
has only minor effects on the predicted final scour depth in this case, thus the observed scour cannot be
obtained by adjusting the slope of the erosion rate versus shear stress curve alone. For 1. =31.5 N/m?
the critical shear stress is only exceeded by the large floods (see Figure 9.22). The slope of the erosion
rate versus shear stress curve has a much larger impact on the predicted final scour depth. As the erosion
rate decreases, there is less and less time to reach equilibrium scour for the large floods. Consequently,
the predicted final scour depth decreases rapidly with the slope of the erosion rate curve.

8

. o [=2]

Final Scour Depth (ft)

)

@)

o 15 20 25 30 35
Critical Shear Stress (N/m?)

Figure 9.24 Effect of critical shear stress on predicted final scour depth for bent 2. The slope of the
erosion rate versus shear stress curve is kept fixed at 30.36 mm/hr/(N/m?).
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Figure 9.25 Effect of slope of erosion rate versus shear stress curve on
predicted final scour depth for bent 2

9.8 Conclusions

SRICOS simulations were conducted to predict the local scour at bent 2 and bent 3 in the main channel.
Channel cross section measurements showed that about 5 ft of pier scour had occurred at bent 2 and 4 ft at
bent 3 between August 22, 1991, and May 8, 1993. Using the measured erosion rate versus shear stress
curves from the left and right abutments, the SRICOS method predicted local scour depths at the two
main channel piers that were comparable to the measured scour. Fine-grained soils were found in the left
abutment while coarser materials were found in the right abutment.

Our analysis showed that uncertainties in the EFA test results and computed flow velocities were again
the two major sources of uncertainties in scour prediction using the SRICOS method. For soils that are
very erodible, such as those found in the right abutment, the predicted final scour depth is insensitive to
the critical shear stress and the slope of the erosion rate versus shear stress curve, and is determined
mainly by the equilibrium scour depth of the largest flood in the hydrograph. In this situation, the pier
scour depth predicted using the SRICOS method should be comparable to that predicted by using the
HEC-18 equation. For soils that are highly erosion resistant, such as those found in the left abutment, both
critical shear stress and slope of the erosion rate versus shear stress curve can have large effects on the
predicted final scour depth. Between the two, the critical shear stress is the more critical parameter. As
this case study has shown, adjusting the slope of the erosion rate versus shear stress curve alone may not
produce the observed scour if the critical shear stress is outside a certain range. However, one can usually
arrive at the observed scour by adjusting the critical shear stress and then the slope of the erosion rate
curve.

The important flow parameters include flow depth and approach flow velocity. By itself, flow depth is
only of secondary importance because the largest scour is usually caused by the large floods which also
produce large water depths, and laboratory experiments have shown that water depth effects are not
important when the water-depth-to-pier-diameter ratio exceeds about 2.5. However, changing the water

170



depth would change the approach flow velocity for a given discharge, and approach flow velocity affects
both bed shear stress and equilibrium scour depth. Thus, by adjusting the calculated approach flow
velocity to match the measured velocity, we were able to re-produce the observed scour at bent 3 in
SRICOS simulation.

In HEC-RAS, calculated flow depth and flow velocity are dependent on the geometric data and the
boundary conditions at the outflow boundary (for sub-critical flows). The effects of these inputs on the
outputs are relatively well understood. For example, increasing the Manning n value would increase the
water depth and decrease the flow velocity in the channel. For the White River Bridge, this effect was
found to be very significant. Overestimating the reach length between the bridge and the downstream
cross section (thus effectively reducing the channel slope) would also increase the computed flow depth at
the bridge. The latter situation can arise when flow straightens at high flow but the effect is not included
directly in HEC-RAS computations. When the water depth downstream is unknown, it is a common
practice to assume uniform depth at the outflow boundary. This is a reasonable approximation provided
that the reach length between the bridge and the downstream cross section is sufficiently large so that the
water surface elevation specified downstream does not have a large influence on the water level at the
bridge. This was found to be the case for the White River Bridge site.

As for the Big Sioux River and Split Rock Creek sites, we were able to produce predicted scour depths
that were comparable to the observed scour depths at the White River site by varying the values of the
input parameters within reasonable limits. However, the predicted scour depths were very sensitive to
the soil erosion parameters and approach flow velocities at the bridge. Hence, improving the accuracy of
soil erosion rate measurements and computed flow velocities would be critical for implementation of the
SRICOS method.
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10. PARAMETRIC STUDY

10.1 Background

What are sensitivity analyses? According to the EPA (2002), sensitivity analyses assess the effect of
changes in individual model input parameters on model predictions. This is usually done by varying one
parameter at a time and recording the associated changes in model response. One primary objective of a
sensitivity analysis is to rank the input parameters on the basis of their influence on or contribution to the
variability in the model output.

A sensitivity analysis is often considered analogous to a probabilistic analysis. However, instead of
randomly selecting the input parameter to the model and statistically varying them according to a defined
distribution (e.g., varying them around the defined mean), the parameters are selected in a systematic
manner between a defined minimum and maximum range using a uniform probability distribution
function. The unique characteristic of a uniform distribution is that all values have an equal probability of
occurrence. Therefore, a sensitivity analysis is not an uncertainty analysis.

Again, according to the EPA (2002), uncertainty analysis involves the propagation of uncertainties and
natural variability in a model’s inputs to calculate the uncertainty and variability in the model outputs. It
can also involve an analysis of the uncertainties resulting from model formulation. The contributions of
the uncertainty and variability of each model input to the uncertainty and variability of the model
predictions are explicitly quantified. Because of the significant difficulties in appropriately defining
uncertainty in all the SRICOS model inputs, an uncertainty analysis was not performed for this project.

10.2 Quantifying Sensitivity

A method for quantifying sensitivity is by defining and computing the sensitivity ratio (EPA 2002). Itis
common practice in the civil engineering profession to use the sensitivity ratio when quantifying
sensitivity (PLAXIS, 2007, EPA, 2002). The ratio is defined as the percentage change of output divided
by the percentage change of input for a specific input to the model in question. In equation form,

[ fxee)= 1)

} .100%
_ f(x) (10.1)

Msr
X — X
[ LR ]100%

X

where,
f (XL,R) is the value of the output variable after changing the value of one input variable,

f (X) is the reference value of the output variable using reference values of the input variables,

and

xand X_, are the respective input variables.

Note that the input variable x is varied across the range of interest.
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10.3 Analysis for This Study

Input parameters were selected to be what is considered typical for bridge sites that were examined for
this study. Base input flow was selected from the Big Sioux River site for the period of March 28, 1993,
to July 7, 1993, and used deterministically in the SRICOS model. Meaning, the sensitivity to hydraulic
conditions was not investigated here. The corresponding velocities and water depths were also
deterministically used based on the HEC-RAS analyses. Again, because of the complexities of the
determining a uniform distribution of flow, flow parameters were not systematically varied for the model
parametric study.

The parameter values that were systematically varied consisted of erosion function slope, erosion function
critical shear stress, upstream channel width, flow angle of attack, pier spacing, number of piers, length of
pier, pier width or diameter, and angle of attack as a function of pier length to width. A linear erosion
function was assumed for the purposes of the analyses. This may not be the case for site specific erosion
functions. Ranges of parameters were again selected based on typical values of bridge sites that were
examined for this study. Table 10.1 summarizes the base values and minimum and maximum values used
in the model parametric study.

To facilitate “batch” runs of the SRICOS model analysis, the method was programmed and implemented
into the MATLAB (2007) environment. The parameters were then systematically varied using the values
in Table 10.1 to assess the sensitivity to change in input with relation to scour depth. While one
parameter was varied, the rest of the parameters remained unchanged at their respective base values.

The sensitivity ratio was then calculated incrementally between each parameter and then averaged across
the range of the parameters of interest. The sensitivity ratio is defined such that it was always calculated
from higher scour depth to lower scour depth. This was done to ensure that the values in the sensitivity
ratio were always compared as the scour depth increased. The most sensitive parameter is given a
ranking of one.

10.4 Analysis Results

The results of the scour computations are presented on Figure 10. through Figure 10.. The results of the
sensitivity ranking are shown in Table 10.2. The results can be summarized as follows:
e The SRICOS model is most sensitive to the critical shear stress. This parallels the results of the
site specific sensitivity analyses presented in Sections 7, 8, and 9.
e The SRICOS model is significantly sensitive to flow angle of attack and erosion function slope.
The SRICOS model is somewhat sensitive to pier length and width/diameter.
e The SRICOS model is not sensitive to upstream channel width, pier spacing, or number of piers.

10.5 Recommendations

Based on the model sensitivity analyses, the following are recommended:
e Great care should be taken in properly defining the erosion function. This parallels the
recommendations contained in Sections 7 and 9 and is discussed in more detail there.
o Given the model is sensitive to flow angle of attack, care should also be taken in defining that
parameter during the hydraulic analysis.
o Site specific sensitivity analyses should be conducted to define the range of expected scour for
parameters that do not have a high level of certainty.
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Table 10.1 Summary of base values and minimum and maximum values used in the parametric study

Parameter Minimum of Base Value Maximum of
Range Range

Erosion function slope 3.45 5.75 8.05

Erosion function critical shear stress, N/m? 5 25 45

Upstream channel width, feet 200 300 400
Angle of attack, degrees 25 35 45

Pier spacing, feet 60 100 140
Number of piers 1 3 5

Length of pier, feet 20 30 40
Pier width or diameter, feet 2 3 4

Angle of attack as a function of pier length to
width, degrees

Combination of above values

Table 10.2 Results of sensitivity ranking showing sensitivity ratio. A ranking of one is most sensitive.

Parameter Sensl?:[\i/\(/eirta;/gle?atio Sensitivity Ranking

Erosion function slope 0.43 3

Erosion function critical shear stress, N/m? 453 1

Upstream channel width, feet 0.01 7

Flow angle of attack, degrees 0.55 2

Pier spacing, feet 0.00 9

Number of piers 0.01 7

Length of pier, feet 0.18 5

Pier width or diameter, feet 0.12 6

Flow angle of attack as a function of pier 0.21 4
length to width, degrees '
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Figure 10.1 Pier scour while varying the erosion function slope (Sensitivity Ranking = 3)
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Figure 10.2 Pier scour while varying the critical shear stress (Sensitivity Ranking = 1)
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Figure 10.3 Pier scour while varying the upstream channel width (Sensitivity Ranking = 7)

20
15
© O
S O
p= O
2 10 O
(|
N
(@]
(&)
? 5
% 25 30 35 40 45 50

Angle of Attack (degrees)
Figure 10.4 Pier scour while varying the angle of attack (Sensitivity Ranking = 2)
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Figure 10.5 Pier scour while varying the pier spacing (Sensitivity Ranking = 9)
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Figure 10.6 Pier scour while varying the number of piers (Sensitivity Ranking = 7)
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Figure 10.7 Pier scour while varying the pier length (Sensitivity Ranking = 5)
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Figure 10.8 Pier scour while varying the pier width or diameter (Sensitivity Ranking = 6)
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11. USING THE SRICOS METHOD FOR SCOUR PREDICTIONS IN
SMALL WATERSHEDS AND UN-GAUGED STREAMS

11.1 Introduction

The SRICOS method has been developed to compute the scour depth versus time curve associated with a
hydrograph (Briaud et al. 2001b). In Sections 7, 8, and 9, we have used this method to hind cast the scour
history in 1991-1993 at the Big Sioux River Bridge, Split Rock Creek bridges, and White River Bridge,
using either recorded or estimated hydrographs. To predict the scour depth versus time curve for a new
bridge, however, a future hydrograph must be generated. In this section, we present a simple method that
engineers can use to generate a hydrograph for un-gauged streams. First, we review several frequently
used methods for hydrograph generation. Using constructed hydrographs, we conducted a numerical
study to examine the sensitivity of predicted scour depth to the temporal structure of a hydrograph. The
results of this analysis indicated that final scour depth could be predicted reasonably well (compared to
the predictions obtained using a continuous hydrograph) by including only the major floods. We then
developed a simplified risk approach to scour predictions based on the detailed procedure described in
Briaud et al. (2004a). Our approach uses peak flow estimates obtained from regional regression equations
to calculate the mean, standard deviation, and skewness of the flow distribution. The values of these
parameters are used to generate a set of equally probable future hydrographs. Each hydrograph consists of
a series of maximum annual floods, which is entered into the SRICOS program to produce a scour depth
versus time curve. We found that the computed final scour depth followed a normal distribution, and that
the mean and standard deviation of scour depth converged rapidly with the number of hydrographs
generated. Hence, the risk associated with different scour depths could be determined assuming a normal
distribution. An important question to be asked in scour prediction is: Should the bridge be designed for a
single flooding event or be designed to withstand scour that would occur over the design service life of
the structure? The cost, time, and complexity to produce a scour depth versus time curve over the lifetime
of a bridge are substantial. Furthermore, it is almost impossible to predict the hydrologic and hydraulic
conditions at a bridge site reliably over many decades, especially if the stream is un-gauged. Therefore,
the benefits for using a long hydrograph must be balanced against the cost and inherent uncertainties
associated with hydraulic and scour predictions. For bridges founded on highly resistant cohesive soils
where the useful life of the bridge is short compared to the expected number of scouring floods and rate
of scour, it may be more appropriate to apply the SRICOS method with a single large scouring event, and
monitor the bridge to ensure that it is safe. A simple method for calculating the duration of a design flood
is presented. The method can be extended to generate a hydrograph consisting of a number of floods.

11.2 Methods for Generating a Future Hydrograph

If it is assumed that the climatic and watershed characteristics do not change following the construction of
the bridge, one may construct a future hydrograph based the same statistical properties as the past records.
Briaud et al. (2004a) have discussed several techniques for constructing future hydrographs from recorded
hydrographs and have applied these methods to scour predictions. The first technique is to assume that
the future hydrograph will be equal to the past hydrograph. This method is seldom applicable in practice
since the design life of a bridge is typically 75 years or longer, whereas most streams simply do not have
discharge records for such a long time period. To include the worst-case scenario, Briaud et al. (2004a)
recommended inserting a design flood in the generated hydrograph.
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A different technique is to consider discharge as a random, uncorrelated variable. A theoretical
distribution is fitted to the recorded hydrograph to calculate the parameters of the distribution. The
calculated parameters are used to prepare a frequency distribution, which is then randomly sampled to
produce a future hydrograph. As in the previous method, a design flood may be inserted to spike the
generated hydrograph. Briaud et al. (2004a) have constructed synthetic hydrograph for the Woodrow
Wilson Bridge by sampling from a log-normal distribution. The mean and standard deviation of the
distribution was determined from 70 years (1931-2000) of daily mean flow record at the Little Fall
Station (01646500) on the Potomac River upstream of the bridge site. As expected, the randomly
generated hydrograph was more evenly distributed than the recorded hydrograph. This produced scour
depth that increased progressively with time. In comparison, when the SRICOS method was used with
the measured hydrograph to predict scour, it was found that most of the predicted scour was created by a
few large floods. To improve hydrological prediction, stochastic models that can account for the long-
term correlation that often characterizes streamflow records have been developed. For examples,
Brandimarte et al. (2006) had used a fractionally differenced autoregressive integrated moving average
model to generate synthetic hydrographs for the Woodrow Wilson Bridge, and Ghelardi (2004) had used
a cosine wave model to generate synthetic hydrographs for bridge sites in Maryland. The reliability of
these methods, however, depends on the length of streamflow measurements available. Furthermore,
these methods may be difficult to implement by design engineers.

It is not uncommon that flood data are not available for smaller watersheds and un-gauged streams. One
solution is to use flood records from a nearby gauging station. A drainage-area ratio adjustment is applied
to transfer the recorded hydrograph from the gauged site to the un-gauged site. Another technique is to
calculate the peak flow magnitudes and frequencies using regional regression equations, and then
construct a synthetic hydrograph with the same peak flow statistics. Briaud et al. (2007) proposed using
estimate of 100-year and 500-year discharges and the log-normal distribution to compute the mean and
standard deviation of the flow distribution. Once the parameters of the distribution are known, the
frequency distribution of discharge is prepared and randomly sampled to produce a future hydrograph.
Regional regression equations for estimating peak flow magnitude and frequency relations for South
Dakota streams are published in Water-Resources Investigations Report 98-4055 (Sando 1998). These
regression equations relate peaked flow magnitude for selected recurrence intervals to selected basin and
climatic characteristics, such as contributing drainage area and precipitation intensity index. They
provide a simple way to obtain peak flow magnitudes. However, it should be kept in mind that these
estimates carry large uncertainties. Therefore, using these estimates with an elaborate scheme to generate
a hydrograph for a long time period is unwarranted.

The SRICOS method can be used with generated hydrographs to conduct scour risk analysis (see Briaud
et al. 2004a; Brandimarte et al. 2006). Due to the stochastic nature of the hydrologic process, a generated
hydrograph represents only one possible outcome in the distribution. A Monte Carlo procedure can be
used to generate different realizations of the distribution. These generated hydrographs can then be used
with the SRICOS method to construct a set of predicted scour depth versus time curves, which are equally
probable. The predicted final scour depths are then ordered to produce a probability distribution of scour
depth. For example, Bradimarte et al. (2006) had constructed probability distribution function of scour
depth for the Woodrow Wilson Bridge using the predicted final scour depths from 20,000 SRICOS
simulations. Several such distributions were prepared for different lengths of time and used to compute
the probability that a design scour depth would be exceeded during different project lengths. Obviously,
this requires a great deal of effort. Therefore, this type of analysis may not be applied routinely by
engineers.

The period we used to evaluate the SRICOS method was very short (1991-1993). During this period, the

hydrographs at the three study sites were dominated by one or two large flooding events. We have
conducted a numerical study to examine the effect of the temporal structure of the hydrograph on the
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predicted final scour depth at the Split Rock Creek and Big Sioux River sites, using approximately 25
years of stream flow record from each site. Figure 11.1 shows the recorded hydrograph at the Split Rock
Creek at Corson gauging station from October 1, 1965, to September 30, 1989, and Figure 11.2 shows the
recorded hydrograph at the Big Sioux River near Brookings gauging station from April 1, 1982, to
September 11, 2008.
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Figure 11.1 Recorded hydrograph (daily mean flow) from Split Rock Creek
at Corson gauging station from 1965 to 1989
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Figure 11.2 Recorded hydrograph (daily mean flow) from Big Sioux River
near Brookings gauging station from 1982 to 2008
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Figure 11.3 shows the predicted scour history at the Split Rock Creek bridges obtained using the
hydrograph in Figure 11.1. The length of the prediction is 8,766 days or about 24 years. This figure
shows that most of the predicted scour was produced by one large flood that occurred around April 8,
1969. This flood lasted for several days. The recorded daily mean flow on April 5, 6, 7, 8, 9, and 10
were 2960, 4800, 11900, 16400, 9740, and 4800 ft®/s, respectively. The corresponding predicted scour
depths on those days are 0.0, 0.14, 1.42, 2.77, 3.03, and 3.04 ft. For comparison, the estimated 25-year
peak flow (not daily mean flow) at this site is 15,200 ft*/s (Sando et al. 2008). Therefore, the April 8,
1969, flood was bigger than a 25-year flood. A number of smaller floods also occurred between April 8,
1969, and September 30, 1989. The predicted final scour depth for the 24-year hydrograph is 3.34 ft.
These results show that if the scour depth is calculated based on the length of a single flooding event
around April 8, 1969, the predicted final scour depth would only be (3.34 — 3.04 = 0.3 ft), less than the
scour depth predicted using the entire 24 years of record. Both scour depths are considerably smaller than
the equilibrium scour depth of 6.73 ft, corresponding to the maximum daily mean flow recorded on April
8, 1969.

Figure 11.4 shows the predicted scour history at the Big Sioux River Bridge from April 1, 1982, to
September 11, 2008. The length of the record is 9,661 days or about 26.5 years. The largest recorded
daily mean flow during this period was 12,600 ft*/s on June 22, 1984. The estimated 25-year peak flow is
14,700 ft*/s (Sando et al. 2008), which means that the corresponding daily mean flow would be less than
this value. Several large floods also occurred after June 22, 1984; including two major floods in June and
July of 1993, which we had used to evaluate the SRICOS method (see Section 7). The predicted scour
depth after the June 22, 1984 flood is 8.25 ft. The predicted scour depth after the July 5, 1993, flood is
10.69 ft. The predicted final scour depth at the end of the 26.5-year hydrograph is 11.53 ft. All three
scour depths are considerably smaller than the equilibrium scour depth of 15.09 ft, corresponding to the
maximum daily mean flow recorded on June 22, 1984.

The above two examples show that the predicted scour depth would be under-estimated if the bridge is
designed based on only the largest flood in the hydrograph. The amount of under-estimation will depend
on the temporal structure of the hydrograph and the soil erosion rate. For the Split Rock Creek bridges,
the predicted scour depth based on a single flood on April 8, 1969, is only slightly less than the predicted
scour depth based on 24-years of the hydrograph from October 1, 1965, to September 30, 1989. This is
because the flood on April 8, 1969, was much bigger than the other floods in the hydrograph.
Consequently, the contributions from the smaller floods to the final scour depth are relatively small. For
the Big Sioux River Bridge, the predicted scour depth after the June 22, 1984, flood is only about 70% of
the predicted final scour depth at the end of the hydrograph. There are several reasons for this. First, the
duration of the June 22, 1984, flood was relatively short. Second, there were several big floods after June
22, 1984, with peak discharge comparable to the flood on June 22, 1984. Third, the soil erosion rates were
much higher at the Big Sioux River Bridge than at the Split Rock Creek bridges. These examples also
show that using the maximum equilibrium scour depth for design would be overly conservative, since it
ignores the slower progression of scour depth typical of cohesive sediments.
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Figure 11.3 SRICOS simulation for bent 3 at Split Rock Creek bridges, westbound, from October 1,
1965, to September 30, 1989. The values of other input parameters are given in Table 8.4
for the baseline conditions. The critical shear stress is shown as a dashed line in the initial

bed shear stress plot.
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Figure 11.4 SRICOS simulation for bent 2 at Big Sioux River Bridge from April 1, 1982, to September
11, 2008. The values of other input parameters are given in Table 7.3 for the baseline
conditions. The critical shear stress is shown as a dashed line in the initial bed shear stress

plot.
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11.3 Effect of Flood Sequencing on Scour Depth

To examine the effect of flood sequencing on scour depth, SRICOS simulations were conducted using
hydrographs with the flooding events arranged in different orders. The analysis was carried out for the
Split Rock Creek bridges for a period of 100 years. Constructed hydrographs were used in the
simulations because the stream does not have discharge records for such a long time period. Each
hydrograph consists of a series of maximum annual floods selected from the peak flow estimates for the
2-, 5-, 10-, 25-, 50-, 100-, and 500-year floods, which are shown in Table 11.1. The number of floods
assigned to each return period is calculated as follows. By definition, a 100-year flood will be equaled or
exceeded once, on the average, every 100 years. For a project life of 100 years, on the average, there will
be one flood that equals or exceeds the 100-year flood. For simplicity, we assume this to be exactly a 100-
year flood. Similarly, a 50-year flood will be equaled or exceeded once, on the average, every 50 years.
Therefore, on the average, two floods will equal or exceed the 50-year flood in 100 years. We have
already assumed that one of these floods is exactly a 100-year flood. Now, we assume that the second
flood is exactly a 50-year flood. The number of floods for other return periods (see Table 11.1) is
determined in the same manner. We also assume that the duration of each flood is one day. Note that
there are a total of 50 floods in Table 11.1. The remaining 50 floods are smaller than the 2-year flood,
and their magnitude is assumed to be zero. We then arrange the 50 floods that have non-zero flow in
ascending order (small floods followed by big floods) and descending order (big floods followed by small
floods) to create two series of maximum annual floods for 50 years (the other 50 years have “zero” flow).
For a given group of floods, the temporal structures of these two series represent extreme conditions.

Table 11.1 Peak-flow estimates for selected recurrence intervals for Split Rock Creek near Corson
gauging station (after Sando 1998) and distribution of floods in the constructed hydrograph

Recurrence Intervals (years) 2 5 10 25 50 100 500

Predicted peak discharges (ft*/s) 2,390 | 5,660 | 8,910 | 14,500 | 19,900 | 26,400 | 47,000

Average number of occurrence in a
series of maximum annual floods 30 10 6 2 1 1 0
for a period of 100 years

Figure 11.5 compares the results from the two series. For the series with big floods followed by small
floods, only floods bigger than the 5-year flood produce any scour. The predicted final scour depth is 4.71
ft. When the scour depth reaches this amount, the scour hole is larger than it can be with the smaller
floods, thus the smaller floods (2- and 5-year floods) cannot create additional scour. For the series with
small floods followed by big floods, all floods bigger than the 2-year flood contributes to the final scour
depth. Only the 2-year flood does not produce any scour. This is because the initial bed shear stress for
the 2-year flood is less than the critical shear stress. The predicted final scour depth is 5.46 ft, which is
16% larger than that created by the first series. Similar results were obtained when the critical shear
stress is reduced by 50% (from 8.22 to 4.11 N/m?); the slope of the erosion rate versus shear stress curve
is kept the same (1.41 mm/hr/(N/m?)). The predicted final scour depths are then 4.86 and 5.73 ft,
respectively. The final scour depth is not very sensitive to the critical shear stress because the latter is
small compared to the initial bed shear stress of the floods that contribute most to scour (see Figure 11.5).

Figure 11.6 shows the results when the slope of the erosion rate versus shear stress curve is increased
from 1.41 to 2.82 mm/hr/(N/m?). The computed scour histories are similar to those shown in Figure 11.5,
but there are some notable differences. First, the predicted final scour depths (5.58 and 6.28 ft) for the two
series of floods in Figure 11.6 are, respectively, 18% and 15%, larger than those in Figure 11.5. Second,
for the first series in which the discharge decreases with time, fewer small floods (in this case, floods
smaller than the 25-year flood) can produce scour. This is because with the higher rate of scour, the scour
depth produced by the bigger floods is larger. Hence, there are more floods with equilibrium scour depth
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less than the existing scour depth. For the second series in which the discharge increases with time, there
is a slight percentage increase in the contribution from the smaller floods to the final scour depth.

Our examples show that the sequencing of floods in a hydrograph has non-negligible effect on the
predicted final scour depth. Since the two sequences of floods we use represent extreme conditions, the
effect should be smaller for other sequences of floods. An important factor that we have not considered
is flood duration. Flood duration is a function of rainfall and drainage area characteristics. A method for
determining flood duration for un-gauged streams will be presented in this section.

Briaud et al. (2004a) have used daily streamflows for scour predictions. However, the hydrologic
information required to produce this level of detail does not exist for un-gauged watersheds. Furthermore,
daily streamflows are not necessarily independent, thus cannot be directly related to the return period. A
hydrograph of daily streamflows is much more difficult to construct than a series of maximum annual
floods. The latter can be modeled by one of several commonly used theoretical distributions (e.g., log-
normal distribution and log Pearson Type 3 distribution). The value of the parameters of these
distributions can be estimated relatively easily by frequency analysis using a recorded hydrograph or, if
the stream is un-gauged, from peak-flow estimates obtained from regional regression equations. Our
examples suggest that using a series of maximum annual floods should be adequate for scour predictions,
since the small floods typically do not produce a significant amount of scour, if any. We shall explore
this approach in the next section.
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Figure 11.5 SRICOS simulation for bent 3 at Split Rock Creek bridges, westbound, for two sequences
of maximum annual floods arranged in ascending and descending orders. The values of the
basic input parameters are given in Table 8.4 for the baseline conditions. The critical shear
stress is shown as a dashed line in the initial bed shear stress plot.
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Figure 11.6 SRICOS simulation for bent 3 at Split Rock Creek bridges, westbound, for two sequences of
maximum annual floods arranged in ascending and descending orders. The input parameters
are the same as in Figure 11.5 except that the slope of the erosion rate versus shear stress
curve has been increased from 1.41 to 2.82 mm/hr/(N/m?). The critical shear stress is shown
as a dashed line in the initial bed shear stress plot.
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11.4 Generating an Annual Series from Regional Regression
Equations

In this section, we describe a simple method for generating a series of annual maximum flows using the
peak-flow estimates obtained from regional regression equations. In South Dakota, there are many small
watersheds and un-gauged streams where little or no flow data are available. For these sites, regional
regression equations provide a simple way to obtain peak-flow magnitude for selected recurrence
intervals (return periods), which can then be used to calculate the parameters of a probability distribution.
We shall illustrate this procedure using the Split Rock Creek bridges as an example.

Regional regression equations for South Dakota streams are published in Sando (1998). The equations,
listed in table 4 of the publication, relate peak-flow magnitude for selected recurrence intervals to
contributing drainage area and precipitation intensity index in seven subregions (A to G). The Split Rock
Creek bridges are located in subregion A (figure 3; Sando 1998). For recurrence intervals of 100 and 500
years, for example, the equations are

Q =362CA"#PII **" (100 years) (11.1)

Q =553CA**'PII **#* (500 years) (11.2)

where Q is peak flow in ft*/s, CA is contributing drainage area in mi®, and PII is precipitation intensity
index. The drainage area can be determined from a USGS 7.5-minute topographic map. However, the
Split Rock Creek at Corson gauging station (06482610) is located less than 1 mi upstream from the
bridges and has a drainage area of 475 mi? (table 6, site 183; Sando 1998). This value is slightly different
from an earlier estimate of 466 mi® given in Niehus (1995). With CA = 475 mi® and PII = 1.18 (figure 5;
Sando 1998), Equation (11.1) yields Q = 18,818 ft*/s. The peak-flow magnitudes for other recurrence
intervals can be found using the appropriate equations. The results are summarized in Table 11.2. Also
shown in Table 11.2 are the station peak flow magnitudes obtained from frequency analysis. Note that the
peak-flow magnitudes obtained from regional regression equations are much smaller than the station peak
flows obtained from frequency analysis. It is apparent that peak-flow estimates from regional regression
equations carry large uncertainties.

Table 11.2 Peak-flow estimates for selected recurrence intervals for Split Rock Creek bridges

Recurrence Intervals (years) 2 5 10 25 50 100 500

Station peak flow in ft*/s, Qrs 2,390 | 5660 | 8,910 | 14,500 | 19,900 | 26,400 | 47,000

Peak flow in ft*/s from regional

regression equations, Qx 2,016 | 4,855 | 7,411 | 11,393 | 14,922 | 18,818 | 29,335

Weighted peak flow in ft*/s from

Equation (11.3), Qrw 2,340 | 5520 | 8,592 | 13,715 | 18,531 | 24,194 | 41,532
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For bridge sites located near a gauging station, a weighed peak flow can be computed by combining the
peak-flow magnitude and frequency information from the regional regression equations with magnitude
and frequency information from the station’s record. Sando (1998) commented that the weighted peak-
flow magnitudes generally should provide better estimates than the station peak-flow magnitudes because
they take into account additional regional information developed from the regional analysis, while the
short periods of record available at most stations can produce time-sampling error. The weighted peak
flow is given by (Sando 1998)

_ nQrs +enQyy

n+en

Qrw (11.3)
where Qny is weighted peak flow in ft*/s, n is number of years of station data used to compute Qrs, Qrs is
station peak flow in ft¥/s, en is equivalent years of record for Qrg, and Qx is peak flow in ft¥/s from
regional regression equations. For a recurrence interval of 100 years for the Split Rock Creek station,
Qrs = 26,400 ft¥/s and n = 29 years (table 6, site 183; Sando 1998), Qs = 18,818 ft®/s, en = 11.9 years
(table 4; Sando 1998). Thus, Qnw = 24,194 ft*/s from Equation (11.3). The value of Qqy for other
recurrence intervals is summarized in Table 11.2. Note that the weighted peak flows are much closer to
the station peak flows.

The weighted peak-flow estimates can now be used to calculate the numerical values of the parameters of
the underlying probability distribution. Two distributions that are often used for frequency analysis of
annual peak flow are the log-normal distribution and log Pearson Type 3 distribution. The annual peak
flow has a log-normal distribution if the logarithms of the peak flow have a normal distribution. The
equation used to represent the normal distribution is (Bedient and Huber 1992)

Q =Q+z-S, (11.4)

where Q; is peak flow for a recurrence interval of T years, (_2 and S are the mean and standard

deviation of peak flow, and z is known as the standard normal variate. For normal distribution, the
cumulative density function F(z) of the distribution is a function of the standard normal variate only.
Tables of F(z) versus z can be found in most standard statistics or hydrology textbooks. The cumulative
density function is related to the recurrence interval by

F(z)=1-1T (11.5)

where 1/T is known as the exceedance probability, which is the probability that an event will be equaled
or exceeded in T years.

For selected values of T, F(z) is calculated using Equation (11.5). The value of z is then obtained from
normal distribution tables. Together with the value of Qr obtained from regional regression equations,

Equation (11.4) can be used to yield the value of 6 and S,,. For the log-normal distribution, the
procedure is the same, but with Q replaced by log Q in Equation (11.4), that is

logQ; =10gQ+2z- S, (11.6)
Equation (11.6) may be used with either base 10 or natural logs. Table 11.3 summarizes the results for
the Split Rock Creek bridges, and Figure 11.7 shows a plot of log Qrw Versus z. A straight line is fitted to
the data points, and the values of logQ (= 7.7702) and S (=0.9989) are given by the coefficients of
the best-fit line.

logQ
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Table 11.3 Values of T, F(2), z, Qrw and log Qv for Split Rock Creek bridges.
Natural logs have been used.

Recurrence Intervals, 5 5 10 o5 50 100 500
T (years)
F@2)=1-1T 0.5 0.8 0.9 0.96 0.98 0.99 0.998
z 0 0.842 | 1.282 | 1.751 | 2.054 | 2.327 | 2.880
Weighted peak flow |, 3/ | 5550 | 8502 | 13,715 | 18,531 | 24,194 | 41,532
in ft /S, QTW
log Qrw 7.758 | 8.616 | 9.059 | 9.526 | 9.827 | 10.094 | 10.634
1 ! ! : ; ;
O Regional Regression Equations '
10.5¢ —Iog(QTW) = 7.7702 + 0.9989 z |-l
10k T— — T—__ - — _
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~ : : : ;
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Figure 11.7 Variation of log (Qrw) with z for Split Rock Creek bridges
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The equation used to represent the Pearson Type 3 distribution is (Bedient and Huber 1992)

Q =Q+K-S, (11.7)

where K is known as the frequency factor. The frequency factor is a function of the skewness and return
period, and distribution tables can be found in many hydrology textbooks (e.g., Bedient and Huber 1992).
The Pearson Type 3 distribution reduces to the normal distribution when the skew coefficient has a value
of zero. The log Pearson Type 3 distribution is obtained by replacing Q in Equation (11.7) by log Q, that
is

logQ; =1ogQ+K-S,, 4 (11.8)

The log Pearson Type 3 distribution is parameterized by the mean, standard deviation, and skew
coefficient. To determine the values of these parameters, values of skew coefficient and their
corresponding values of K for selected values of T are obtained from distribution tables. Then, either Q;
(for Pearson Type 3) or log Q+ (for log Pearson Type 3) are plotted against K for each value of skew
coefficient selected. A straight line is fitted to each data set. The correct skew coefficient is obtained from
the plot that produces the best fit, and the coefficients of the corresponding best-fit line yield the mean
and standard deviation. Table 11.4 and Figure 11.8 illustrate this procedure for log Pearson Type 3
distribution for the Split Rock Creek bridges. Results are shown for four different skew coefficient values

(Cs=0,0.5,1.0and 1.5). The distribution fits the flow data best with C; =0, logQ =7.765,and S

=1.004. Thus, the results are essentially the same as for the log-normal distribution. This is not
surprising. The Pearson Type 3 and log Pearson Type 3 distributions are often used with an assumed
skew coefficient of zero for short records of annual peak flows.

logQ

Table 11.4 Values of T, F, K (C;,T), Qrw, and log Qq for four different values (0, 0.5, 1.0, and 1.5)

of skew coefficient C; for the Split Rock Creek bridges. Natural logs have been used
Rec“”f?;ga':‘st)e“’a's’ 2 5 | 10 | 25 | 50 | 100
F=1-1UT 0.5 08 | 09 | 096 | 098 | 0.99
K (C, =0) 0 |0842| 1282 | 1.751 | 2.054 | 2.327
K (C, =0.5) -0.083 |0.808 | 1.323 | 1.91 | 2.311 | 2.686
K (C, =1.0) -0.164 | 0.758 | 1.340 | 2.043 | 2.542 | 3.022
K (Cs=15) 024 | 069 | 1.333 | 2.146 | 2.743 | 3.33
inY?i?/Q,teSTﬁ’fak flow | 5340 | 5520 8592 | 13,715 | 18,531 | 24,194
log Qrw 7.758 | 8.616 | 9.059 | 9.526 | 9.827 | 10.094
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Figure 11.8 Variation of log (Qmw) with K for skew coefficient of 0.0, 0.5, 1.0, and 1.5 for
Split Rock Creek bridges

Figure 11.9 shows a constructed series of maximum annual floods for the Split Rock Creek bridges based
on the log-normal distribution. The hydrograph was created by entering the value of the mean and
standard deviation shown in Figure 11.7 in a log-normal distribution calculator (http://www.wessa.net).
Many commercial statistics software packages (e.g., MATLAB, MEDCALC) have tool boxes for
generating random numbers from specified probability distributions.
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Figure 11.9Constructed hydrograph for maximum annual floods for Split Rock Creek bridges; trial 3

11.5 Risk Approach to Scour Predictions

In addition to flood magnitude, flood duration also needs to be specified in order to produce a
hydrograph. Flood duration will be discussed in the next section. For the following analysis, we assume
that each flood in the annual maximum series has a rectangular distribution and the duration is one day
(24 hours). A log-normal distribution calculator (http://www.wessa.net) was used to generate 100 equally
probable series of maximum annual floods such as the one shown in Figure 11.9. Each generated series
was entered into the SRICOS program to compute a scour depth versus time curve for a period of 100
years. In order to calculate the scour depths produced by the big floods, the rating curves presented in
Figures 8.14 and 8.15 have been extended to include the 500-year event. These extended rating curves
are presegted in Figures 11.10 and 11.11. The rating curves are valid for discharge between 1,000 and
50,000 ft°/s.
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Figure 11.12 summarizes the key results from the hydrologic and scour predictions. The top plot shows
the maximum annual peak flow in each series, the middle plot shows the number of floods in each series
with recurrence interval larger than 25 years, and the bottom plot shows the predicted final scour depths.
As seen, the top and bottom plots follow similar trends. Series with large maximum annual peak flows
generally produce large final scour depths. Series with a significant number of large floods also generally
produce large scour depths. Exceptions to these trends would suggest that the effect of flood sequencing
is very important, but this appears not to be the case. The most important factors for a hydrograph in
determining the final scour depth are the number of big floods and the magnitude and duration of these
floods. Figure 11.13 shows detailed results of the SRICOS simulation for the hydrograph shown in
Figure 11.9. The predicted final scour depth is 5.78 ft. This hydrograph includes one flood (23,030 ft*/s)
close to and one flood (28,650 ft¥/s) that exceeds the 100-year flood (24,194 ft*/s).
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Figure 11.12 Maximum annual peak flow, number of floods with return period larger than 25 years,
and computed final scour depth for 100 annual maximum series
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Figure 11.13 SRICOS simulation for bent 3 at Split Rock Creek bridges, westbound, for one series
(trial 3) of maximum annual floods for a period 100 years. The values of the basic input

parameters are given in Table 8.4 for the baseline conditions.
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Figure 11.14 Probability distribution of predicted final scour depth from 100 SRICOS simulations. The
final scour depth is compared to a normal distribution. The mean and standard deviation of
the predicted final scour depths are 5.48 ft and 0.71 ft, respectively.

Figure 11.14 shows the distribution of predicted final scour depth from all 100 SRICOS simulations. The
mean and standard deviation of predicted final scour depths are 5.48 ft and 0.71 ft, respectively. Note that
the predicted final scour depth follows the normal distribution well. The central limit theorem states that
the sum of a sufficiently large number of independent random variables will approach the normal
distribution (Rice 1995). Since the scouring process is the result of many hydrologic, hydraulic, and
geotechnical factors, final scour may be conceptualized as the sum of many independent processes. If we
assume that the final scour depth is normally distributed, the probability that a design scour depth will be
equaled or exceeded in a period of time can be easily determined from the mean and standard deviation.
Figure 11.15 shows the mean and standard deviation of predicted final scour depth calculated with an
increasing number of realizations. These results show that convergence of the mean and standard
deviation can be achieved with a relatively small number of simulations (less than 100).

With the mean and standard deviation of the normal distribution known, the cumulative density function
can be used to estimate the risk level associated with different scour depths. The risk of failure, P, is
defined as the probability that the design scour depth will be equaled or exceeded at least once during the
design life of the project, and is related to the cumulative density function F(z) by

P(z) =1-F(2) (11.9)

For the normal distribution, the risk value can be determined using Equation (11.4) with Q replaced by
the scour depth. Table 11.5 shows the risk values associated with different design scour depths for the
Split Rock Creek bridges for a project life of 100 years. The values of the mean and standard deviation of
scour depth used are 5.48 ft and 0.71 ft, respectively (see Figure 11.14). To give an example, for a design
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scour depth of 6 ft, Equation (11.4) yields a value of (6.0-5.48)/0.71 = 0.73 for the normal variate z. The
value of F(z) is found to be 0.7673 from normal distribution tables. The corresponding risk value is 1-
0.7673 = 0.2327 or 23.27% from Equation (11.9). The risk values in Table 11.5 can be checked by
inspecting Figure 11.14. A similar procedure can be used to determine scour depth by specifying the
acceptable risk of failure.
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Figure 11.15 Mean and standard deviation of predicted final scour depth calculated
using increasing number of simulations

Table 11.5 Risk values associated with different scour depths for a project life of 100 years

Scour Depth (ft) z F(2) Risk (%)
3.5 -2.79 | 0.0026 99.74
4 -2.08 ]0.0188 98.12
4.5 -1.38 | 0.0838 91.62
5 -0.68 | 0.2483 75.17
5.5 0.03 | 0.5120 48.80
6 0.73 | 0.7673 23.27
6.5 1.44 0.9251 7.49
7 2.14 | 0.9838 1.62
7.5 2.85 |0.9978 0.22
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11.6 Using the SRICOS Method with a Single Design Flood

For bridges founded on highly resistant cohesive soils where the useful life of the bridge is short
compared to the expected number of scouring floods and rate of scour, it may be more appropriate to
apply the SRICOS method with a single large scouring event, and monitor the bridge to ensure that it is
safe. Designing for a single or small number of flooding events would also allow the design engineer to
take advantage of the multitude of methods available for constructing synthetic hydrographs. An
important parameter in synthetic hydrograph development is the flood duration. Flood duration is a
function of the rainfall and runoff processes. Without runoff data for actual storms, flood duration for un-
gauged watersheds can only be estimated based on drainage-area characteristics. In this section, we
outline a procedure for estimating the time base of the hydrograph based on peak flow, accumulated
rainfall, and land cover, information that is either available or can be estimated for most watersheds.

Figure 11.16 shows a rectangular hydrograph and a triangular hydrograph. One example of a triangular
hydrograph is the SCS (Soil Conservation Service) synthetic unit triangular hydrograph. The area under
both hydrographs is uniquely defined by the peak flow Q, and time base t,. Thus, the time base can be
determined if the peak flow and the area under the hydrograph are known. For un-gauged streams, the
peak flow can be estimated for selected recurrence intervals using regional regression equations. The area
under the hydrograph is equal to the rainfall excess, and may be estimated from the accumulated rainfall
using the SCS method. In the following example, we shall use peak-flow estimate from regional
regression equation and accumulated rainfall from a rainfall atlas to estimate the time base of the
rectangular and triangular hydrographs for a 100-year flood for the Split Rock Creek bridges.

v 10* Time (hours) o 10* Time (hours)
Q, = 26400 t'ls 0, = 26400 t's

Discharge (ftsls)
- N
on N on
- N
on N (8]

—
-

0.5¢ ' 0.5

B=70hr

0 20 40 60 0 50 100
L‘b=52.6hr tp=35hr z?b=105hr

Figure 11.16 Rectangular and triangular hydrographs used in SRICOS simulations
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For a rectangular hydrograph, the discharge is constant and is equal to the peak flow of the 100-year
flood, that is, 26,400 ft*/s' (Sando 1998). The area under the hydrograph, which is equal to the rainfall
excess, p', is given by

p' (ft°) = (26,400 ft¥/s) (t, hr)(3600 s/hr) = 95,040,000 t, (ft°) (11.10)

where t, is the time base of the hydrograph in hours.

South Dakota Administrative Rules (http://legis.state.sd.us/rules/) define a 100-year flood as the flood
magnitude expected to be equaled or exceeded on the average of once in 100 years, to be determined by
using a 100-year, 24-hour storm unless gauging data is available and proved to be accurate. The National
Weather Service has published a rainfall atlas for the United States. Figure 11.17 shows the 100-year 24-
hour rainfall in inches. The rainfall depth for the region considered (southeast corner of South Dakota) is
about 6 in. Only part of this rainfall produces surface runoff (rainfall excess). The rest (rainfall loss) is
lost to interception, depression storage, and infiltration. In the SCS method (U.S. Soil Conservation
Service 1964), the runoff can be determined directly in terms of a quantitative parameter for the drainage
area called the curve number (CN). The rainfall excess is expressed in terms of the accumulated rainfall
P' by

_ (P-025)?

11.11
P'+0.8S ( )

where S is the potential maximum accumulated retention, and is related to the curve number CN by

\ 1000

= 11.12
10+S ( )

The value of CN depends on soil type, soil cover, land use, hydrologic condition and antecedent moisture.
Runoff curve numbers can be found in the National Engineering Handbook (U.S. Soil Conservation
Service 1964). These tables are also reprinted in many hydrology textbooks.

For hydrologic soil group C (soils having a slow infiltration rate when wet), cultivated land without
conservation treatment, and antecedent moisture condition I, the value of CN is 88, which with P'=6in
gives S =1.364 and p'= 4.62 in from Equations (11.11) and (11.12). With a drainage area of 466 mi?,
the rainfall excess is equal to (4.62/12 ft)(466 mi®)(5280 ft/mi)? = 5,001,663,744 ft>. This result together
with Equation (11.10) then yields t, = 52.6 hr or approximately 2 days (see Figure 11.16). The
corresponding predicted final scour depth and maximum (equilibrium) scour depth are 4.88 ft and 8.09 ft,
respectively.

! Alternatively, the weighted peak flow may be used.
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Figure 11.17 100-year 24-hour rainfall in inches for the United States (from U.S. Weather Bureau 1961)

In our risk analysis, flood duration of 24 hours was assumed for all maximum annual floods. If we
assume that the flood duration is 48 hours instead, the predicted final scour depth for the hydrograph
shown in Figure 11.9 will be 6.54 ft instead of 5.78 ft. To give another example, for trials 16 and 25 (see
Figure 11.12), the predicted final scour depth will be 8.07 ft (instead of 7.17 ft) and 5.15 ft (instead of
4.48 ft), respectively. The increase in predicted final scour depth for the three series is 13.1%, 12.6%, and
15.0%, respectively. Hence, the predicted final scour depth is not very sensitive to the flood duration.

Using a storm duration of 24 hours would overestimate the flood duration for most storms. Floods with
shorter recurrence intervals, in particular, are typically produced by storms with shorter durations. The
design engineer should check the precipitation records to select reasonable storm duration and also
conduct a sensitivity analysis to determine the sensitivity of predicted final scour depth to the flood
duration.

The scour depth predicted using a rectangular hydrograph would likely be conservative. More realistic
results may be obtained by using a triangular hydrograph. For the same peak flow of 26,400 ft%/s, we
have, instead of Equation (11.10)

p' (ft®) = (26,400 ft%s) (t, hr)(3600 s/hr)/2 = 95,040,000 t,/2 (11.13)

which yields t, = (52.6)(2) = 105.2 hr. The time base is the sum of the time of rise t, and time of fall B.
The time of rise may be estimated from the storm duration and time of concentration. A reasonable
approximation is to place the peak flow at approximately the one-third point of the time base. For the
following SRICOS simulation, we assume t, = 35 hr and t, = 105 hr (see Figure 11.16).

Figure 11.18 shows the results of SRICOS simulation for the triangular hydrograph. The rating curves
shown in Figures 11.10 and 11.11 are not valid for discharge less than 1,000 ft*/s. Therefore, a flow
discharge of 1,000 ft*/s has been set as the lower limit in the SRICOS simulation. This approximation has
no effect on the predicted final scour depth because the critical shear stress is not exceeded until the
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discharge reaches about 4,500 ft%s. The predicted final scour depth of 4.05 ft is 17% smaller compared to
the final scour depth of 4.88 ft obtained using the rectangular hydrograph.

11.7 Conclusions

One of the difficulties in implementing the SRICOS method is to construct a hydrograph that would
represent the hydrologic conditions most likely to be found at the bridge site during its design life. A
number of methods are available for constructing future hydrographs from estimated streamflow
statistics. However, most of these methods are not easy to use. For un-gauged sites, it is extremely
difficult if not impossible to predict the hydrologic and hydraulic conditions reliably over many decades.
Therefore, the methods used for generating future hydrographs must be consistent with the hydrologic
information available and the inherent uncertainty of the data. Using the recorded hydrographs for the
Big Sioux River and Split Rock Creek Bridge sites, we found that a few large floods produced most of the
predicted scour. Therefore, it may not be necessary to use a continuous hydrograph for scour prediction.
A simple method was proposed in which a series of maximum annual floods is generated through a flood
frequency analysis. The method only requires information that is commonly available or can be easily
estimated, such as peak flow, accumulated rainfall depth, drainage area, and land cover. The procedure is
illustrated for the Split Rock Creek bridges based on a project life of 100 years. The example uses
rectangular and triangular unit hydrographs to model the individual floods, but more sophisticated
hydrographs can also be used if the required watershed parameters can be reliably estimated. For bridges
founded on highly resistant cohesive soils where the useful life of the bridge is short compared to the
duration of scour, an alternative approach is to apply the SRICOS method for a single large scouring
flood, and monitor the bridge to ensure that it is safe.
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Figure 11.18 SRICOS simulation for bent 3 at the Split Rock Creek westbound bridge using a triangular
hydrograph for a peak flow of 26,400 ft*/s and time base of 105 hr. The values of the other
input parameters are given in Table 8.4. The critical shear stress is shown as a dashed line

in the initial bed shear stress plot.
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12. IMPLEMENTATION RECOMMENDATIONS

The SRICOS method has been recommended as an alternative method for predicting scour at bridge piers
in cohesive soils (HEC-18 2001). Comparison of predicted and measured scour depths for three bridge
sites in South Dakota indicates that the method can predict bridge pier scour depth within reasonable
limits. The advantage of using the SRICOS method for highly scour resistant soils is that the predicted
final scour depth will be substantially less than the maximum equilibrium scour depth predicted by
current methods. Therefore, footing and pile depths at bridge pier sites will not need to be as deep as is
currently designed. This would result in substantial savings in bridge pier construction. The
implementation recommendations presented below outline the tasks that will need to be accomplished by
SDDOT over the next two to five years in order to successfully implement the SRICOS method.

1. Use the SRICOS method initially as a supporting tool in design of bridge
foundations

In HEC-18 (2001), the SRICOS method is recommended as an alternative method for predicting
scour at bridges founded on highly scour resistant cohesive soils where the useful life of the
bridge is short in relation to the number of scouring floods and rate of scour, and bridges on low
traffic volume roads that are monitored. HEC-18 cautions that the maximum or equilibrium scour
depth should be used for bridges that have a long or un-determined design life. Also, the
SRICOS method is not recommended for bridges that have a very large traffic volume, are not
monitored, or serve hospitals or schools. These recommendations underlie concerns with the
reliability of the method and our still limited understanding of the scouring process in cohesive
soils and of the hydraulics and hydrology of bridge waterways. Furthermore, the SRICOS
method requires a higher level of expertise in relation to subsurface exploration, laboratory
testing, and hydraulic and hydrologic analysis in order to ensure reliable results. All of these
require training and experience that will take time to develop. On the other hand, the SRICOS
method represents a significant advance over existing methods. As improvements are made, the
method may become more reliable and an accepted standard for design. SDDOT should be
prepared to take advantage of these improvements and the substantial potential savings that the
method could produce for the state.

Perhaps the best way to incorporate the SRICOS method in future design of bridge foundations is
to introduce the method initially as a supporting tool. The predictions of the SRICOS method can
be compared with predictions from existing methods to obtain more realistic estimates of scour
depth in cohesive soils. This will eliminate the need to apply empirical reduction factor to the
scour predictions obtained using current methods that were developed for non-cohesive soils. In
applying the SRICOS method, it is recommended that the following procedures be followed:

e If a commercial EFA is used to measure soil erosion rates, the applied shear stress should
be calculated assuming a smooth bed (i.e., bed roughness height = 0). This will under-
estimate the critical shear stress and over-estimate the slope of the erosion rate versus
shear stress curve. The predicted scour depth would then be on the safe side.

o Drilling and soil sampling for EFA testing should be conducted as close as practically
possible to the bridge pier where the scour depth is to be predicted.

o Velocity distribution should be measured at the bridge site to determine the flow angle of
attack and to depict any apparent flow concentration. The computed approach flow
velocity can then be corrected if necessary. ldeally, flow measurements should be
conducted at high flows, but measurements at low and medium flows can still alert the
design engineer to any potential problems with hydraulic analysis using one-dimensional
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models. Two-dimensional flow analysis may be used to refine the results if field
measurements at high flow are not available.

e The SRICOS method assumes that the equilibrium scour depth in cohesive soils is the
same as in non-cohesive soils. Although recent research has indicated that the
equilibrium scour depth in cohesive soils is less than that in non-cohesive soils, any
empirical equations that relate the equilibrium scour depth to soil properties can be
confidently applied only to the soils that were used to develop the equations. Hence,
these equations may not be applied to the soils at the bridge site. Without a reliable test
that tests soils from the bridge site to determine the equilibrium scour depth, it would be
prudent to assume that the equilibrium scour depth in cohesive soils is the same as in
non-cohesive soils. This implies that the equations in HEC-18 may also be used to
estimate the equilibrium scour depth in the SRICOS method.

o Given the uncertainty of the SRICOS method at the present time and the complexity and
difficulty in predicting the hydrologic conditions at a bridge site reliably over a long
period of time, it is recommended that the SRICOS method be applied to predict scour
produced by only a number of large floods. Thus, the SRICOS method would be most
useful for sites where scouring floods are infrequent (e.g., ephemeral streams).

Monitor current and future research to observe improvements to the SRICOS
method

The SRICOS method can be used to predict pier, contraction, and abutment scour. However, the
method has only been tested in the field for pier scour, and the variation of the predictions
appears to be very high. The SRICOS method is an active area of research in bridge scour. It is
recommended that SDDOT continues to monitor current and future research to observe new
improvements to the method. Furthermore, SDDOT should become an active partner with other
federal agencies and state DOTs to develop the SRICOS method. This may include supporting
research to improve the method, training and continuing education of SDDOT personnel and its
consultants to use the method as analysis and design tool, and acquiring the resources needed to
implement the method.

Conduct workshops to train design engineers on the use of the SRICOS method

The SRICOS method is new to design engineers in South Dakota. It is recommended that
SDDOT works with South Dakota State University to conduct some workshops to train SDDOT
personnel and its consultants on the use of the method for scour evaluation. The workshops
should cover different elements of the method, including subsurface exploration, laboratory
testing, hydraulic and hydrologic analysis, and SRICOS simulation. These workshops will also
provide an opportunity to increase awareness of bridge scour problems in the state and to inform
design engineers of the technology and resources available for analysis and design of bridge
foundations to avoid scour related failure. It will be beneficial if the workshop participants can
conduct a soil erosion test and use the test results to construct an erosion rate versus shear stress
curve.

Obtain the necessary testing equipment to measure soil erodibility

To implement the SRICOS method, SDDOT will need an apparatus to measure soil erodibility.
Such an apparatus will also be useful for assessing the potential of soil erosion in river channels
and other hydraulic works. A commercial EFA was manufactured by Humboldt Mfg. Co. and had
been purchased by a few universities and state highway laboratories in the United States. SDDOT
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may arrange to have its soil samples tested at one of these facilities. In the long run, it will be
more economical to conduct its own soil erosion tests. Moreover, the applied shear stress cannot
be determined accurately with the existing EFA. An alternative is to use an open-channel flume to
measure soil erosion rate. The advantage of using an open-channel flume is that the applied bed
shear stress can be determined reliably from the measured hydraulic radius and slope of the
hydraulic grade line. A rough bed can be installed on the flume bottom to ensure fully developed
turbulent flow, so that the erosive action of the flowing water is controlled by the boundary-layer
turbulence generated upstream and not by the surface irregularities at the test section. A sediment
recess can be built in the flume to house the soil sample extruded from a thin wall tube. The depth
of soil eroded after a specific length of time is measured by using a point gauge. This will
eliminate the uncertainty associated with measuring erosion rate by manually advancing the soil
sample from the thin wall tube. Several sediment recesses can be built and the test results are
averaged to improve measurement accuracy.

SDDOT may arrange to have soil erosion tests conducted in the open-channel flume at South
Dakota State University. The Fluid Mechanics Laboratory at SDSU has an 82 ft long, 2.5 ft high,
and 3 ft wide tilting flume. This flume can be tilted from -0.5% to +3% slope. The flume is
connected to an existing pumping system which has a flow capacity of 8 ft*/s. High flow
velocity can be produced by partitioning the flume at the test section. To give an example, a flow
width of 1 ft and flow rate of 4.5 ft¥/s on a gravel bed (dso, = 4 mm) with a channel slope of 3%
would produce a uniform flow depth of 0.7 ft and velocity of 6.4 ft/s. The corresponding bed
shear stress is about 20 N/m?. Higher bed shear stress can be produced by increasing the flow
discharge. Hence, a tilting flume is capable of producing bed shear stress at prototype scale.

Establish a procedure for collecting scour data immediately after a major flood

As the SRICOS method for predicting pier, abutment, and contraction scour continues to evolve,
there will be a need to verify the new improvements against additional field data measured at
bridge sites. Ideally, flow and scour measurements should be taken at various times during a
flood. It is recommended that SDDOT establishes a data collection plan to obtain scour and flow
data. SDDOT can enlist the assistance of USGS to collect the field data during or immediately
after a flood, and SDSU to analyze the data that have been collected. A range of bridge sites with
high scour potential should be chosen to assess the performance of various components of the
SRICOS method. Some of important parameters are pier length, flow angle of attack, soil types,
stream types (large and small), hydrologic conditions (continuous and transitory flows), abutment
types, channel alignments, and flood-plain encroachments. A quick action response team should
also be set up to assess scour damages of bridges after the occurrence of major floods. This
present project had benefited tremendously from the archival data provided by the South Dakota
bridge-scour project (1991 to 1995). A comprehensive database of collected field data in bridge
scour and channel degradation should be maintained at SDDOT and/or the state universities for
scour management and future research.
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Conduct research to improve the predictions of hydraulics of bridge waterways
and to understand the effects of temporal structure of hydrograph and soil types
on time rates of scour

Approach flow velocity has a significant effect on scour depth. The equilibrium scour depth is
proportional to V,>%* (Equation 2.1) and the initial bed shear stress is proportional to V,?
(Equation 2.11). Underestimating the initial bed shear stress has the same effect as over-
estimating the critical shear stress. Both will lead to under-estimation of scour depth. This present
study has demonstrated that a one-dimensional river model such as HEC-RAS may not predict
the velocity distribution at bridge crossings accurately in some situations. Currently, there is little
information to guide the engineer in recognizing the conditions under which two-dimensional
flow effects may be important. The need to predict two-dimensional flow effects at bridges
becomes even more important when predicting contraction scour where the results may be very
sensitive to how the width of the approach flow is defined. It is recommended that SDDOT
initiates a research project to study two-dimensional (2-D) flow effects in bridge waterways. The
project should include a detailed literature review on 2-D flow effects at bridges, identify the site
characteristics that produce 2-D flow effects, compare the performance of 1-D and 2-D models in
bridge hydraulics analysis, and develop procedures to guide the engineer in selecting the
appropriate modeling techniques for bridge hydraulics analysis.

To use the SRICOS method for scour prediction, it is necessary to construct a flow discharge
versus time curve or hydrograph at the bridge site. Presently, the effects of temporal structure of
hydrograph and soil erodibility on scour depth are poorly understood. Because of this, it is
unclear what level of detail is necessary in the hydrologic modeling in order to obtain reliable
scour predictions. A logical first step to address this problem may be to examine the predicted
scour histories produced by simulated and/or measured hydrographs. This analysis needs to be
repeated for different soil types. Intuitively, it should be easier to predict scour depth produced by
a few large flooding events reliably than continuously over the design life of the bridge,
especially for un-gauged streams where streamflow records are lacking. Evaluating bridges for
scour based on a few large floods will also allow the engineer to take advantage of the multitude
of techniques available for rainfall-runoff analysis. The important input parameters may include
the magnitude and duration of the design floods, the number of floods, and the acceptable risk. A
preliminary investigation was conducted in this project, but the basic approach needs further
refinement to define its limitations and assumptions and the inherent risk in using this approach.
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