Effect of hydrologic and hydraulic calculation approaches on pier scour estimates

by

Luis Fernando Castaneda Galvis

A thesis submitted to the Graduate Faculty of Civil and Environmental Engineering
Auburn University
in partial fulfillment of the
requirements for the Degree of
Master of Science in Civil and Environmental Engineering

Auburn, Alabama
December 9, 2023

HEC-HMS, RRE, SCS Curve Number, HEC-RAS, 1D- models, 2D models, Pier bridge
Scour, HEC-18, Hydraulic Toolboox, Observation Method for Scour

Copyright 2023 by Luis Fernando Castaneda Galvis

Approved by

Dr. Jose G. Vasconcelos, Committee Chair, Professor of Civil Engineering
Dr. J. Brian Anderson, Committee member, Professor of Civil Engineering
Dr. Xing Fang, Committee member, Professor of Civil Engineering



Abstract

Bridge scour, a phenomenon characterized by the erosion and removal of sediment
from the vicinity of bridge foundations, is a significant concern in the fields of civil
engineering and infrastructure management. There are various hydrologic and hydraulic
approaches to calculating the peak flow that are used to determine the water depth and
velocity in the vicinity of a bridge, which are variables used for scour estimates. Depending
on the assumptions, limitations, and boundary conditions, each approach can yield
significantly different flow results that influence water depth and velocity estimates. Also,
even when methods estimate similar flow magnitudes, different velocity distributions can
result from bridge configurations between these methods. The extent to which these methods
can influence pier scour depth estimation is not well understood due to a lack of systematic
investigations. This research addresses this question by evaluating pier scour on four bridges
with 12 combinations of hydrological and hydraulic approaches for a total of 48 simulations.

Each simulation was analyzed to assess the potential pier scour depth using the
FHWA HEC-18 and the Observation Method for Scour methodologies. There are various
alternatives to calculating the peak flow: Regional Regression Equations (RRE), Flood
Frequency Analysis (FFA), and distributed models using HEC-HMS 4.9 were evaluated
using the SCS Curve Number for abstractions and different antecedent moisture conditions.

The peak flow was estimated for a 100-yr event, and the hydrological models were
simulated for one event-based. HEC-RAS 6.1/6.2 was utilized for the hydraulics analysis,
and 1D-WSPRO, 1D-Energy, 2D SA connection, and 2D terrain modification with raised
piers were used as bridge modeling approaches. The models in HEC-RAS were created using

Lidar data with a resolution of 1 meter x 1 meter (3.28 x 3.28 ft). The results showed that the



regression equations, often used by state DOT's, do not always yield the worst-case
hydrological scenario when compared with hydrological models’ simulation. The results of
the 1D models are very similar, and in most cases, they produce less scour depth. The 2D
approaches better represent the approach channel for the bridges with complex
configurations and depict large velocities and therefore more scour depth than the 1D models.
Lastly, it was found that the moisture conditions can influence determining the worst-case

scenario for peak flow determinations, which in turn impact the scour calculations.
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1. INTRODUCTION AND OBJECTIVES

According to Wang and Liang (2017), scour is a natural occurrence that results from
the erosive action of a flowing stream on erodible beds. Scour is a common problem where
water, soil, and structure interact (Prendergast and Gavin, 2014). It is the digging up and
removal of material from the bed and banks of streams caused by the erosive action of moving
water (Hamill, 1999).

Bridge scour is a pressing concern in civil engineering and infrastructure
management, posing a significant threat to the safety and stability of bridges worldwide
(Melville and Sutherland, 1988). This phenomenon, characterized by the erosive removal of
sediment from the vicinity of bridge foundations, has been responsible for numerous
catastrophic bridge failures, leading to substantial economic and human losses (Richardson
and Davis, 2001). The prediction and assessment of bridge scour are paramount in ensuring

the resilience and longevity of bridge structures (Froehlich and Pilarczyk, 2017)

Hydraulic Engineering Circular No. 18 (HEC-18), is a reference for designing,
evaluating, and inspecting bridges for scour (Anerson et al., 2012), and provides a
deterministic procedure to calculate the scour depth near the bridge site using the median
particle size (D50) and a peak flow, usually based on a 100-year design flood event. The
magnitude of the flood event is specified by the watershed characteristics and the rainfall
distribution (Chow et. al, 1988). There are different ways to calculate the peak flow which
are, Rational Method (Mulvaney, T. J.,1851), SCS Curve Number Method (Mockus,
V.,1972), Unit Hydrograph Method (Clark, C.O. 1945; Snyder, W. M., 1938; Mockus,
V.,1972), Flood frequency Analysis (Chow et al, 1953), distributed hydrological models

(Fleming, M. J., & Doan, J. H., 2009: Rossman, 2010; Neitsch et al, 2009) and Regional
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Regression Equations (Ries et al., 2007). The most common method used by state’s
Department of Transportation is the Regional Regression Equations (RRE), because of their
simplicity and the ease of data collection to determine peak flows associated with a given
interval recurrence interval.

For the state of Alabama, there are different technical documents related to RRE, for
peak flow (Anderson, B. T., 2020) (Hedgecock, 2004) and (Hedgecock and Lee, 2010), for
low flow, and annual flow statistics (Feaster et al., 2020). Alternatively, the distributed
hydrological models (Fleming, M. J., & Doan, J. H., 2009; Rossman, 2010; Neitsch et al.,
2009) can be used to estimate the abstractions characterizing the hydrological processes,
including interception, evapotranspiration, infiltration, runoff formation, and movement at
both the cell and basin scales. These methods are physically based models, and the results
are more representative of local conditions in watersheds.

Once the peak flow is calculated, it is necessary to develop the bridge scour
calculations to estimate the velocity and the water depth in the vicinity of the bridge. Usually,
there are different hydraulic modeling approaches to estimate the head losses associated with
the bridge structure, and they can be one-dimensional (1D) or two-dimensional
(2D). Depending on the method used to calculate velocity and the water depth, the values of
these variables present differences in magnitude, direction, and distribution (Brunner et al.,
2020). Those differences result in a given peak flow value. Even though there are several
alternatives to calculate the peak flow and different bridge modeling approaches, there is not
a systematic study to evaluate the differences in results for combinations of different
alternatives to calculate the peak flow and different bridge modeling approaches based on

1D and 2D models. The research question that this study aims to address is:

15



To what extent can pier scour estimates be influenced by varying alternatives to

hydrologic and hydraulic computational approaches?

1.1. Objectives

This research aims to address the research question by performing a systematic study in
which different hydrologic and hydraulic approaches are used for scour estimates on four
bridges in Alabama. Specifically, this study proposes:

e To calculate the peak flow for four selected bridges in Alabama using Regional
Regression Equations (RRE) and distributed models using HEC-HMS 4.9 for
different antecedent soil moisture conditions and a 100-yr flood event.

e To evaluate for the four selected Bridges, four different bridge modeling approaches
using HEC-RAS 6.1/6.2 and models in 1D and 2D (1D WSPRO, 1D Energy, 2D
SA connection, 2D Terrain modification with raised piers)

e To use these hydrological and hydraulic results to conduct scour calculations using
Hydrologic Engineering Circular HEC-18 and the Observation Method for Scour

and analyze these results.
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2. LITERATURE REVIEW

2.1. Hydrological methods for peak flow rates

Peak flow estimates are often used for the design of conveyance systems in open
channels. There are different ways to estimate peak flows depending on whether the
watershed is gauged or ungauged. In gaged sites, it is common to use Flood Frequency
Analysis (FFA), considering that there exists an inverse relationship between the magnitude
of an extreme event and its frequency of occurrence, according to Chow et al. (1988). In
ungauged sites, methods such as Regional Regression Equations (RRE) are used to calculate
peak flows along with hydrological modeling results. The difference between these methods
in ungauged watersheds is that the latter consider abstractions or losses, which are linked to
physical processes such as infiltration (Green and Ampt, 1911), interception (Goudriaan and
Monteith, 1990), evaporation (Penman, 1948; Priestley and Taylor, 1972), and
evapotranspiration (Monteith and Unsworth, 2013). In addition, there is a method to calculate
the direct runoff and quantify the abstractions developed by the Soil Conservation Service
(SCS) (Mockus, 1972), known as the SCS method for abstractions, that is based on land
cover, land use, area, and hydrological conditions.

This research compares peak flow predictions using FFA, RRE, and hydrological
models for gauged sites and RRE and hydrological models for ungauged sites.
The subsequent section presents a brief description of the hydrological methods used in this

study.
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2.1.1 Flood Frequency Analysis (FFA)

The primary aim of conducting a frequency analysis on hydrologic data is to establish
the relationship between the occurrence of severe events and their corresponding magnitudes,
utilizing probability distributions. Typically, the values used in this approach refer to the
annual maximum discharge, denoting the highest instantaneous peak flow observed at any
given point throughout the year. It is assumed that consecutive measurements of this variable
across different years are statistically independent (Chow, 1953).

The observed data should typically be adjusted to an extreme value (EV) probability
distribution, considering the goodness of fit product of the null hypothesis that the data are
distributed as expected. If the goodness of fit test indicates that the data does not follow the
expected distribution, then an alternative extreme value probability distribution may need to
be considered. This adjustment ensures that the observed data adequately represents the
extremes and allows for more accurate analysis and predictions. The most common extreme
value distributions are the Gumbel extreme value distribution and the log-Pearson Type I1I
distribution. The log-Pearson Type III distribution is a three-parameter gamma distribution
with a logarithmic transform of the independent variable (Chow et al., 1988).

Flynn et al. (2006) describe PeakFQ, a software application developed by the United
States Geological Survey (USGS) that integrates the principles outlined in Bulletin 17B
(B17B) of the Interagency Advisory Committee on Water Data (IACWD, 1982). In
accordance with B17B, annual peak-flow data must be fitted to a log-Pearson Type III
distribution using the Expected Moments Algorithm (EMA) (Cohn et al., 1997) and a

generalized version of the Grubbs-Beck test for low outliers (Cohn et al., 2013).
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2.1.2 Regional Regression Equations (RRE)

Regression equations are used to estimate peak flows at ungagged or limited sites.
The United States Geological Survey (USGS) has created and compiled regional regression
equations, which are incorporated in computer software called the National Streamflow
Statistics software (NSS) (Ries III et al., 2007), which is the foundation for StreamStats
(Ries III et al., 2004) and allows quick estimation of peak flows throughout the US.

Brown et al. (2009) mention how the rural equations were built for all the states based
on a series of studies conducted by the USGS, State Highway, and other agencies. Those
equations are based on watershed and climatic characteristics within specific regions of each
state that can be obtained from topographic maps, rainfall reports, and atlases. These

regression equations are generally referred to as Equation 1.

RQ; = a AY B¢ c“ (1)

Where:
RQr=T- year rural peak flow
A= Regression constant
b, ¢, d= Regression coefficients
A, B, C= Basin characteristics

Brown et al. (2009) describe how the USGS developed seven-parameter nationwide
urban regression equations to convert rural peak flows to urban peak flows. The urban
equations are based on data from 269 basins across 56 cities and 31 states. These equations
have been systematically evaluated and shown to provide accurate estimates of peak flows

with recurrence intervals ranging from 2 to 500 years, with findings errors that may still be
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on the order of 35 to 50% when compared to field measurements. Those errors can be too
large for bridge scour estimates.

In Alabama, there are different documents to estimate the magnitude of flood
frequencies. Most of them are focused on the size of the watershed’s characteristics, stream
size (small and large), and the magnitude of the analyzed event. Those documents can be
split into three types of references related to peak flow (Anderson, 2020) (Hedgecock, 2004)
(Hedgecock and Lee, 2010), low flow, and annual flow statistics (Feaster et al., 2020), and
are used to estimate annual exceedance probability flows at ungauged locations. They were
developed by using current geospatial data, new analytical methods, and annual peak flow
(Anderson, 2020).

In those reports, Alabama is divided into four flood regions that were delineated based
upon review of residual plots, previous reports, eight-digit hydrologic unit code maps,
geologic maps, and physiographic maps (Anderson, 2020). The four flood regions are

depicted in Figure 1.
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Figure 1. Locations of the Flood regions in Alabama (Anderson, 2020)

2.1.3 Hydrological models

Hydrological models were created to simulate and understand the movement and
distribution of water in various natural systems, such as watersheds, rivers, and groundwater
aquifers (Chow et al., 1988). There are different types of hydrological models, among which
we can highlight empirical and physical-based models, and they differ in their approaches to
simulating and predicting hydrological processes. The empirical models are primarily based
on historical data and observations, and they do not explicitly consider the underlying

physical processes that govern hydrology. On the other hand, the physical-based models are
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designed to represent the fundamental physical processes that govern the movement of water
in the hydrological cycle. They consider principles of fluid dynamics, conservation of mass,
energy, and momentum (Maidment, 1993). Those hydrological models, in turn, can be
classified into lumped and distributed models and their difference lies in that lumped models
simplify the watershed into a single unit (Chow et al., 1988)., while distributed models
consider the spatial variability of hydrological processes (Beven, K. J., & Kirkby, M. J.,1979)

Chen, Y. (2018) defines the distributed hydrological models are a type of hydrological
model that divides the terrain of an entire studied basin into numerous cells and then
characterizes the hydrological processes, including interception and evapotranspiration,
snowmelt, infiltration, and runoff formation and movement at both the cell and basin scales.
Some examples are SWWM (Rossman, 2010), SWAT (Neitsch et al, 2009) and HEC-HMS
(Feldman, 2000). In this study, the hydrological peak flow was determined using HEC-HMS,
and a brief description of these models is presented below.

The Hydrologic Engineering Center (HEC) from the U.S. Army Corps of Engineers
developed the Hydrologic Modeling System software, which intends to reproduce
hydrological analysis procedures such as event infiltration, unit hydrographs, and hydrologic
routing loss models, direct runoff models, hydrologic routing models, naturally occurring
confluences and bifurcations, water-control strategies, and an automated calibration package.
HEC-HMS also includes procedures necessary for continuous simulation including
evapotranspiration, snowmelt, and soil moisture accounting (Feldman, 2000).

In this study, the models were event-based simulations, and thus the effect of
evapotranspiration was not considered. In addition, to compute the abstractions was used a
method known as SCS curve number developed by the Natural Resources Conservation

Services (NRCS), which calculates the peak flow as a function of drainage basin area,
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potential watershed storage, and the time of concentration (Mockus, 1972). The rainfall
runoff separates total rainfall into direct runoff, retention, and initial abstraction to yield using

Equation 2 (Brown et al., 2009).

_ (P—0.2-Sp)? 2
b= p4+08-S

Where:

Qo= Depth of direct runoff (in)

P = depth of 24-hour precipitation (in)
Sr= Potential maximum retention (in)

The potential maximum retention SR is calculated with Equation 3.

Sg = (% = 10) ®)

Where:

CN: Curve Number. CN depends on the Land cover and the hydrological soil groups. The
value considered in Equation 3 corresponds to AMC II or normal antecedent moisture
conditions. The antecedent moisture conditions (AMC) are the level of saturation that the
soil has when the rainfall starts. Exist three different levels of Antecedent Moisture
Conditions as is shown in Table 1.

Table 1. CN’s correction by antecedent runoff condition (AMC)

Antecedent Moisture Antecedent Moisture Condition CN Equation
Condition (5-days before)
I Less than 0.5 in CN - 4.2-CN,
' 10-0.058-CN,
I 0.5to 1.11in CN,,
III Above 1.1 in B 23-CNII
" 10+0.13-CN,
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The antecedent moisture conditions (AMC) were a key part of the hydrological
simulations used in this study. This is because different AMC conditions were simulated in
each watershed to find the worst-case scenario for bridge scour calculations.

A calibration process was conducted in this research, following the methodological
steps proposed by Feldman (2000), which are based on the search optimization parameter
values and are illustrated below.

e The process starts with data collection, and each process requires different types of
data collection. For instance, rainfall-runoff models require rainfall data and flow
time series. Routing models require inflow and outflow data from the routing reach.

» The program uses initial parameter estimates and observed boundary conditions to
create models for watershed runoff hydrographs and channel outflow hydrographs.
The goal is to compare the model's fit with the real hydrologic system. If the fit isn't
satisfactory, the program adjusts the parameters and repeats. The optimal parameter
values are reported when the fit is satisfactory, which can be used for flood runoff
analyses, such as runoff or routing computations. Figure 2 shows the calibration

process diagram used by HEC-HMS.

24



Collect

rainfall / Select
runoff data starting
estimate
Improve
estimate \ Simulate

runoff

No

\ computed
&
Yes observed

Figure 2. Calibration process diagram used by HEC-HMS. Feldman (2000)

Feldman, (2000) explains how HEC-HMS compares a computed hydrograph to an
observed one by computing goodness-of-fit indexes. It uses algorithms to find model
parameters that yield the best value of an objective function. The goal is to find reasonable
parameters that minimize the objective function's minimum value. The objective functions
that HEC-HMS can evaluate in the calibration process are, sum of absolute errors, sum of
squared residuals, percent error to peak and peak-weighted root mean square error function.
In this research the objective function evaluated was percent error in peak and is shown in
Equation 4.

7 =100 As(peak) — qo(Peak) 4)

do(peak)
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2.2. Hydraulics models for stream depth and velocity calculations
Hydraulic models are simplified representations of complex systems like water, vegetation,
sediment, and the atmosphere (Robinson et al., 2019). Hydraulic models are simplifications
of reality and provide accurate solutions to basic conservation equations when applied
correctly (conservation of energy, mass, and momentum). Those models are used for various
purposes, including quick answers, detailed planning, structure design, real-time modeling,
and predicting dam or levee failure (Brunner et al., 2020). There are many such models (e.g.,
FLO-2D, TUFLOW, HEC-RAS-2D, and SHR-2D), but this thesis was focused on HEC-RAS
as this was the one used in the research.

Brunner and CEIWR-HEC, (2020) illustrate that the River Analysis System (HEC-
RAS) developed by the Hydrologic Engineering Center from the U.S. Army Corps of
Engineers is a software tool designed for conducting various hydraulic analyses. It enables
users to perform calculations related to one-dimensional steady flow hydraulics, as well as
one and two-dimensional unsteady flow river hydraulics. Additionally, HEC-RAS facilitates
the modeling of sediment transport and mobile bed dynamics in both quasi-unsteady and full
unsteady flow scenarios. Furthermore, the software allows for the analysis of water
temperature and provides capabilities for generalized water quality modeling, specifically in

relation to nutrient fate and transport.

2.2.1 Governing Equations 1D vs 2D models

Brunner and CEIWR-HEC (2016) introduce the governing principles that govern the
flow of water in streams are continuity and the conservation of momentum. These principles
are theoretically described as partial differential equations. Those principles are employed in

the derivation of unsteady flow equations in one and two dimensions, commonly referred to

26



as shallow water equations. These assumptions include the assumption that water behaves
as an incompressible fluid, the pressure distribution follows hydrostatic principles, the
vertical acceleration can be considered negligible, the bed slope is relatively mild (less than
10%), the boundary friction can be accounted for using flow resistance laws such as
Manning's equation for steady flows, and the Boussinesq approximation is valid, thereby

disregarding forces resulting from variations in water density.

One-Dimensional Equations (1D)

Brunner et al. (2020) illustrate that the partial differential equations for the 1D
continuity and momentum equations with respect to depth (h) and velocity (u) (See Equation
5 and 6) and the symbols used for motion and mass conservation equations are shown in
Figure 3. Those equations are only for 1D flows, and there is a variation for 2D flows which

are presented in the next page.

Water Surface

//

Ground Surface i h
| — |H
z :
| z
y Datumz=0 ':
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Figure 3. Symbols used. Equations for motion and mass conservation (Brunner et al., 2020)
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Where:

u = velocity in the x direction

h = depth of water

g = gravity

t = time

x = distance in the direction of flow (x plane)
q = Lateral inflow term (source/sink)

So = Bed slope

S¢= Friction slope, from Manning’s equation.
Sh = added force term (Minor Losses)

Two-Dimensional Equations (2D)

Brunner et al. (2020) presents a version of the two-dimensional vertically and laterally
average continuity (Equation 7 and 8) and vertically averaged momentum (Equation 9 and
10) and laterally averaged Momentum (Equation 11 and 12) can be written in partial

differential equation form, with respect to depth (h)) and velocity (u, v, U, V) as is shown

below.
dH d(h d(h
__I_(u)_l_(v)_ —0 (7)
ot T ox oy
JUB  OWB (8)
it —gB =
0x + 0z 1 0
6u+ 6u+ ou  O0H 62u+62u N 9)
ot T Yax T Vay T 9o g Ty ) Tt
v dv Odv  OH 0%v N 0%v N (10)
ot TYax TVay T 99k TVi\ae T ayz) TVt
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Where:

v = velocity in the y direction

y = distance in the lateral direction (y plane)
H = water surface elevation (z + Depth)

vt = horizontal eddy viscosity coefficient

cf = bottom friction coefficient

f = Coriolis parameter

U = laterally averaged velocity in x direction
W = laterally averaged velocity in z direction
B = width

P = laterally averaged pressure

Txx,Txz = turbulent stresses in the xx, and xz directions, respectively

q = lateral inflow per unit volume

2.2.2 1D and 2D Hydraulics models, assumptions and limitations

Robinson et al., 2019 mention that 1D models have some advantages over 2D models
in certain applications. For instance, 1D models are computationally less demanding and
require fewer resources compared to their 2D counterparts. Additionally, they can provide a

simplified representation of complex systems, making them easier to interpret and analyze.

However, 1D models have inherent assumptions and limitations such as:
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» Flow direction, flow path and flow splits

= Spacing between cross sections

= Ineffective flow areas and flow contraction and expansion coefficients at bridges
* Boundary conditions and roughness parameters

= Channel slope limitation and gradually varied flow

These assumptions can lead to erroneous results in projects with high hydraulic complexity.

On the other hand, 2D models have distinct physical assumptions and limitations
compared to 1D models, which are often neglected in hydraulic analyses of river systems,

those assumptions include:

* Dimensional limitations (no vertical velocity components for velocity, flow diffusion
and flow turbulence)
* Boundary conditions in all open boundaries (can produce sources of error),
* Wetting and drying limitations (can vary depends on the modeled scheme),
= Turbulence accounting (internal momentum transfers is using eddy viscosity, can
result in unrealistic patterns)
= [Issues with model stability and converge.
Brunner et al. (2020) also discusses the computational differences between 1D and
2D unsteady flow modeling. In the context of the HEC-RAS model, the information below
relates to major 1D and 2D unsteady flow modeling.

=  Water Surface and Velocities The main difference lies in that 1D models compute

a single water surface elevation at each cross section, while 2D models compute
unique water surfaces for every cell/face, with detailed water surfaces and velocities

varying based on the number of cells used.
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Friction Losses In 1D models, friction losses are calculated by multiplying an

averaged friction slope (Sr) by the distance between cross sections. For 2D models,
the friction slope is also calculated at each face of the cells, but it is typically not
averaged over the cell because the direction of the flow is in two dimensions.

Conveyance Calculations Conveyance in 2D models is computed separately for

each cell face, while in 1D models, conveyance is calculated for the main channel
Brunner et al. (2020) as a separate flow area. This can result in different findings,
with the highest discrepancies found in steep banks.

Contraction_and Expansion Losses In 1D models, losses due to contraction and

expansion are determined by multiplying empirical coefficients by velocity head,
while 2D models include pressure forces and spatial acceleration terms.

Ineffective Flow Areas Due to the fact that 1D models require conveyance across

sections, requiring "ineffective flow" areas. 2D models calculate recirculation zones
automatically, but turbulence modeling and coefficients can influence their size and

water velocity.

2.2.3 Modeling Bridges in HEC-RAS

Brunner (2016) explains that HEC-RAS have four different ways to compute losses

through the bridges in 1D are: Energy Equation, Momentum balance, Yarnell equation and

FHWA WSPRO method. This research makes a comparison using two of those methods

using 1D models, Energy Equation and WSPRO method.

Energy equation This approach considers a bridge as a natural river cross-section. It

involves removing the area below the water surface and raising the wetted perimeter

to the points where the water meets the structure. The approach employed in this
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method incorporates Manning's n values to account for friction losses, as well as
contraction and expansion coefficients to address transition losses.

=  WSPRO method is an iterative solution that calculates the water surface profile

through a bridge by solving the energy equation. It is performed from the exit cross
section (1) to the approach cross-section (4), with the energy balance being performed
in steps from the exit section (1) to the cross section just downstream (2) of the bridge,
inside of the bridge at the downstream end (BD), inside of the bridge at the upstream
end (BU) to just upstream of the bridge (3), and from just upstream of the bridge (3)
to the approach section (4). An illustration of the channel profile and the cross
sections used for modeling losses through the bridges are shown in Figure 4 and

Figure 5.

FR. T

Figure 4. Channel Profile and cross section locations (Brunner and CEIWR-HEC, 2020)
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Figure 5. Cross Sections Near and Inside the Bridge (Brunner and CEIWR-HEC,
2020)

Similarly, there are two different ways to model compute losses through the bridges

in HEC-RAS 2D: 1) Create an SA 2D connection (Brunner and CEIWR-HEC, 2020) and, 2)

terrain modification with raised piers (Hydrologic Engineering Center, 2023).

SA 2D connection HEC-RAS has a tool that allows to model roadway crossing
bridges and culverts inside of 2D flow areas. This tool can handle the full range of
flow regimes, from low flow to pressure flow, combined pressure flow, and flow
going over the top of the bridge deck or roadway. The HEC-RAS software takes the
user input bridge data and modeling approaches, then develops a family of rating
curves for the bridge, just as it does for 1D modeling. However, for 2D modeling, the
bridge’s curves are used to obtain a water surface difference through the bridge for
each set of cells being used to model the bridge. This water surface difference is then
equated to a force. That force is distributed and put into a special version of the

momentum equation for each set of cells spanning the bridge centerline. So instead
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2.3.

of calculating friction forces, pressure forces, and spatial acceleration forces, these
forces are obtained from the bridge curves. Then the 2D equations are solved as they
are normally solved at any cell/face in the model. (Brunner and CEIWR-HEC, 2020)

2D Terrain modification with raised piers To model piers in bridges rising the terrain

elevation in HEC-RAS, it can use the Terrain Modification tool in RAS Mapper to
improve the terrain by adding channel information, adding high ground (such as a
road), adding features that impede flow (such as piers), or otherwise modifying the
terrain elevations. Then 2D equations are then resolved as they would be at any cell-

face in the model. the 2D equations (Hydrologic Engineering Center, 2023).

Bridge Scour calculations

Bridge scour is the result of modifications to water flow patterns, such as bends or

constrictions, which can increase water turbulence. (Richardson et. al, 1993). There are three

main components in the total scour in bridges: Long-term aggradation and degradation,

contraction scour at the bridge and local scour at the pier or abutments (Richardson and

Davis, 2001). Those components are described below:

Aggradation and degradation are long-term changes in the elevation of the streambed,
affecting the river section where the bridge is located. Aggradation is the deposition
of eroded material upstream of the bridge, while degradation lowers the streambed
and contributes to overall scour.

Contraction scours occur when a bridge's placement constricts the stream flow region,
often during flood events. This can cause increased flow velocities and higher shear

stresses, potentially leading to erosion.
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= Local scour is a phenomenon that occurs close to a specific bridge pier, abutment,
spur, or embankment and causes sediment removal as a result of vortices created by

flow-obstructing objects.

2.3.1 Parameters related to Bridge Scour estimates

Critical shear stress refers to the minimum shear stress required to initiate erosion in
cohesionless soils. In other words, it is the threshold at which the soil particles start to detach
and move. Understanding the critical shear stress is crucial because it helps determine the
stability of the soil and its resistance to erosion. If the shear stress acting on the soil exceeds
the critical shear stress, erosion will occur. On the other hand, if the shear stress is below the
critical shear stress, no erosion will take place. Arneson et al. (2012) defines shear stress as
the force per unit area applied to the channel boundary by flowing water. Equation 13 shows
the definition of shear stress.

T=K,. Y.R.S; (13)

Where:
1 = Design shear stress, 1b/ft* (N/m2)
Ky = Bend coefficient (dimensionless)
Y = Unit weight of water, 1b/ft?
R = Hydraulic radius (area divided by wetted perimeter), ft (m)
S¢= Slope of the energy grade line, ft/ft (m/m)

Another important parameter is the critical velocity, which is the lowest velocity
required to begin sediment transport and erosion at a pier. When the flow velocity reaches
critical velocity, sediment particles from the bed can be displaced and transported

(Richardson and Davis, 2001).
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Considering these factors, bridge scour can happen through two different mechanisms
limited to sediment motion: (1) when the water is clear, which means that there is no
movement of sediment in the bed of the approach channel, and (2) when there is sediment
motion in the approach flow. Under clear water conditions (V. > V), sediment remains
stationary in the bed of the approach channel due to a low or equal bed shear stress compared
to the critical bed shear stress required for sediment motion. On the other hand, under live
bed conditions (V. < V), there is a generalized movement of the bed sediment caused by a

higher bed shear stress exceeding the critical threshold (Arneson et al, 2012)

In addition, there is another important parameter to consider is the erosion rate. Briaud
et al. (1999) found that the erosion rate in scour processes depends on the critical shear stress,
the soil and water temperatures, the chemical makeup of the soil and water, the soil water
content, the plasticity index, the soil unit weight, the soil undrained shear strength, and the
average grain size. Briaud et al. (2011) presents a graph shown Figure 6 that related the
critical shear stress with the particle grain size as a function of Dso (mm) with the critical
shear stress (N/m?). This V-shaped graph also illustrates that particle size controls the erosion
threshold of coarse-grained soils, while particle size does not correlate with the erosion
threshold of fine-grained soils. This effect is due to the cohesive nature of fine-grained (i.e.,

silt and clay) soils (Anerson et al., 2012) .
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Figure 6. Critical shear stress vs particle grain size (Briaud et al. 2011)

Usually, in scour analysis, we assume that the soil is uniform. Nevertheless, in reality,
the soil can involve multiple layers with characteristics that can vary significantly with depth.
For this situation, a multilayer analysis can be conducted (Pokharel, S., 2017; Briaud et al.,
2011). This type of analysis assumes different layers in the channel bottom bed with specific
thicknesses (yi). Each layer, which has a different Dso, can be removed for flood events with
constant velocity during a period (ti). When the scour depth Y exceeds the thickness Y;, the
following layer is involved (Yi+1), eroding its thickness during a specific time (ti+1).
Geotechnical borings provide the necessary stratigraphic information, distribution particle
size, and D50 for each stratum required for this multilayer analysis. This type of analysis is
common in cohesive soils, where the erosion rate of the material can support long periods of
time and several flood events (Anerson et al., 2012). It is important to mention in this type
of method that there is a large variability in the D50 around the cross section and the

stratigraphic profile that influences in a significant way the scour estimates.
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2.3.2 Practical guidelines for scour calculations

There are several reference documents related to Bridge scour and are mentioned below.

HEC 18 Evaluating Scour at Bridges (2012): This document state of knowledge and

practice for the design, evaluation, and inspection of scour-critical bridges includes
policy and regulatory basis for the FHWA Scour Program, risk-based evaluations,
developing Plans of Action (POAs), countermeasure design philosophy (new vs.
existing bridges), and a section on contraction scour in cohesive materials (Anerson
etal., 2012)

HEC 20 Stream Stability at Highway Structures (2012): This document contains

recommendations for identifying stream instability issues at highway stream
crossings. The HEC-20 manual discusses geomorphic and hydraulic elements that
influence stream stability and gives a step-by-step analysis technique for assessing
stream stability issues. (Lagasse et al., 2012).

HEC 23 Bridge Scour and Stream Instability Countermeasures: Experience,

Selection and Design Guidance (2009). The objective of this document is to ascertain

and provide design principles for mitigating bridge scour and stream instability, as
observed in the practices adopted by different State departments of transportation
(DOTs) within the United States (Lagasse et al., 2009).

HDS 7 Hydraulic Design of Safe Bridges (2012): This guidance provides technical

information and recommendations on bridge hydraulic design. Bridges should be
constructed to be as safe as feasible while keeping costs low and the impact on
property and the environment to a minimum. This guidance also covers regulatory

issues, specialized methodologies for bridge hydraulic modeling, hydraulic model
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selection, the effects of bridge design on scour and stream instability, and sediment
transport (Zevenbergen et al. 2012).

e  Observation method for estimating future scour depth at existing bridges (2013):

This method uses charts that extrapolate or interpolate measured scour depths at the
bridge to obtain the scour depth corresponding to a specified future flood event. It
was designed to be used as a first-order assessment in conjunction with a routine
bridge inspection program (Briaud et al. 2011) (Govidasamy et al., 2013)
This research is focused on HEC 18: Evaluating Scour at Bridges (Anerson et al., 2012)
and most specifically on pier scour calculations. Nevertheless, pier scour calculations
using the Observation Method for Scour (Govidasamy et al., 2013) were conducted to

compare results.

2.3.3 Worst-Case scour scenario

Sharp et al. (2021) describe two definitions for the worst-case scour scenario: one
created by FHWA, which recommended the use of 100-year and 500-year exceedance
discharges as the scour design flood and scour check flood, and the second proposed by
AASHTO LRFD, which recognizes that the worst-case scour depth may not occur at the
highest flow rate that the scour design flood or scour check flood may have (i.e., Q100 and
Qso0 events). As a result, the scour design flood may include some flood magnitude less than
Q1o00, resulting in increased scour at the bridge. If that is the case, the standards provide for
that discharge to be used as the scour design flood. Similarly, if a flood event less than the
Qsoo creates the worst-case scour depth at the bridge, it should be used as the scour check
flood. Another way to put it is that the scour design flood should be the worst-case scour for

all floods up to and including Q1o.
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The FHWA included risk-based approaches in their bridge program goals, including
the scour program, in a recommendation to the United States Congress in 2010. This analysis
addresses the significance of the structure, the need for reliable crossings, and the economic
effects of a collapse. All bridges used to be planned for scour using Qioo flood events, then
double-checked using Qsoo, before the advent of risk-based approaches. The recommended
minimum scour design and check flood frequencies based on hydraulic design flood
frequencies defined by FHWA in HEC-18 (Anderson et al., 2012) are shown in Table 2.

Table 2. Hydraulic design, scour design and scour design check flood frequencies

Hydraulic design Flood Scour design Flood Scour design check Flood
Frequency, Qp Frequency, Qs Frequency, Qc
Qo Qas Qso
Qas Qs0 Q100
Qso Q100 Q200
Q100 Q200 Qs00

Briaud et al. (2011) proposed a methodology to determine the scour rate in cohesive
soils. This method allows the user to predict the scour depth as a function of time. This
method is based on two parameters: the maximum scour depth and the maximum shear stress.
Those methods require determining the scour depth using a given set of sequential daily
discharge values. In addition, Briaud et al. (2011) also established a method for preparing
daily discharges based on the recorded previous hydrographs (Qio0 and Qsoo) for predictions
of possible scour depths in the future. To calculate the daily discharges, Montecarlo assumed
that the hydrograph was modeled as a stochastic process. The methodology uses a theoretical
distribution (log-normal) and the future daily stream flow as the exponential of a normally
distributed variable. At the same time, Briaud et al. (2011) developed another approach based

on Qoo and Qsoo that utilized the cumulative density function (CDF) of the lognormal
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distribution of Q evaluated at Qo0 and Qso0 to calculate daily stream discharges. It is
important to mention that these methods are useful for scour predictions in cohesive soils.
This study is based on the premise that the maximum scour will happen for an event

with an exceedance probability of 1% or a 100-yr return period.

2.3.3 Pier scour

Pier scour is a type of local scour and occurs around individual bridge piers and
abutments. Downward flow is induced at the upstream end of bridge piers, leading to very
localized erosion in the direct vicinity of the structure (Hamill, 1999). This research is
focused on pier scour comparison, so more emphasis will be placed on this type of scour. To
contextualize the phenomenon of pier scours, it is important to describe the flow field on a
single pier. Pier scours are caused by resulting vortices induced by the objects obstructing
the flow. In this process, the downward flow is induced at the upstream of the bridge pier
leading to a localize erosion in the vicinity of the structure; horseshoes vortices are then
created at the base of the pier due to the acceleration of the flow around the nose of the pier
and the subsequent flow movement at the edge of the scour hole. Finally, wake vortices are

created when the flow at the side of the pier is separated (Prendergast and Gavin 2014).
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Figure 7. Flow around a single pier (Prendergast and Gavin, 2014)

Despite the lack of field data, local scours at piers have been thoroughly studied in
the lab. Most studies have been conducted on simple piers as such as Ettema (1976, 1980)
Sheppard, (1999); Melville and Coleman (2000); Richardson and Davis (1995, 2001) and
Sheppard and Renna (2010) and Anerson et al., (2012), others conducted in complex piers as
such as Jones and Sheppard (2000), Salim and Jones (1995,1996, 1999) and Sheppard,
(2001), and some in cohesive materials as Briaud et al., (2009, 2011) and others in coarse
bed as Lagasse et. al., (2012). Also, there are methods based on scour observations as THE
Observation Method for scour (Govindasamy et al., 2013). This research is focused on HEC-
18 calculations (Anerson et al., 2012) and the Observation method for scour (OMS)
(Govindasamy et al., 2013)., for that reason their origin and formulations are presented

below.
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2.3.4 HEC- 18 equations for pier scour

Liuet. al (1961) and Chang and Yevdjevich (1962) conducted studies in the Colorado
state university when describes the physical hydrodynamic and physical description an aspect
of contraction and local scour; and prepared a logical outline of future research procedures
into the study of the local scour phenomenon, those equation products of that work are known
as Colorado State University Equations. Those equations were based on preliminaries studies
conducted by Einstein (1950), Laursen (1956) and Chabert and Engeldinger (1956).

Studies performed by Jones (TRB, 1983) shown that the Colorado State University
Equation (CSU) covered the condition for most equations developed for local pier scour.
Using the recommendations from this study, the FHWA recommended the CSU equation in
the interim procedures that came with the FHWA's Technical Advisory T5140.20 (1988).

The CSU equation was also recommended, with some changes, in earlier editions of
HEC-18. In addition, studies conducted by Mueller (1996) compared 22 scour equations with
field measurements and concluded that the HEC-18 (CSU) equation was appropriate for
design because it rarely underestimated measured scour depth but frequently overpredicted
the actual scour. Figure 8 illustrates the comparison of scour equations for variable depth

ratios (y/a) according with Jones (TRB, 1983).

43



Fr=0.3
5 -
z
3
z af
3
Ys &
I3 N 3-
2 2] e G e
@ utherlond /Lo lON8D e
a | | o T -\cs_q ________ 1
51 T G T ~lain & Fische.i
3| AT
12 - Bruesers
1 L 1 1 L |
2 3 4 5 & 7 8

v/a (Flow Deoth/Pier Width)

Figure 8. Comparison of scour equations for variable depth ratios (y/a) according with Jones
(TRB, 1983)

The HEC-18 pier scour equation (based on the CSU equation) is recommended for both live
bed and clear-water pier scour in cohesionless soils. Figure 9 shows the Pier scour sketch

according to HEC-18 and its respectively equation is shown in Equation 14 (Anerson et. al,

2012).
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Figure 9. Pier scour sketch (Anerson et al., 2012)




B 20K Ky Ky (=) 065 Fr® (14)
Y1 Y1

where:
ys = Scour depth (ft)
y1 = Flow depth directly upstream of the pier (ft)
K, Kz and K3 are correction factors for pier nose shape, for angle of attack of flow and for
bed condition respectively.
a = Pier width (ft)
L = Length of pier (ft)
Fri = Froude Number directly upstream of the pier = Vi/(gy1)
Vi = Mean velocity of flow directly upstream of the pier (ft/s)
g = Acceleration of gravity (32.2 ft/s?)
Anerson et al., 2012 defines as a rule of thumb that the maximum scour depth for
round nose piers aligned with the flow is:

ys < 2.4 times the pier width (a) for Fr <0.8

ys < 3.0 times the pier width (a) for Fr > 0.8

2.3.5 Observation method for scour (OMS)

OMS, presented by Briaud et al. (2009), Briaud et al. (2011) and Govindasamy et al. (2013),
1s a method for estimating future scour depth of existing bridges without site-specific erosion
testing. It was developed as a first-order assessment for bridge inspection programs like the
Texas Department of Transportation (TxDOT). The method uses observations at existing

bridges to determine scour depth for a specified future flood event. This information is
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obtained from scour depth observations and charts that relate the future scour depth ratio
(Zsw=Zmo) to the future velocity ratio (Vu=Vmo).

Govindasamy et al. (2013) explains that OMS has four methodological steps which
are: (1) Observe the maximum scour depth at the bridge (2) Determine the maximum flow
velocity the bridge has been subjected to since its construction (3) Determine scour depth for
a future flood using Z-future charts (4) Compare the future scour depth to the allowable
(threshold) scour depth of the foundation. The description of those methodological steps are
shown below:

(1) Maximum Observed Scour Depth (Zmo) This value is obtained directly from routine

bridge inspection reports and other records of measurements.

(2) Determine the maximum flow velocity the bridge has been subjected to since its

construction (Vmo). To estimate Vo and, consequently, Vi, there are two possible cases

depending on whether there is flow data available from gauge stations. If flow data is
available, after obtaining annual instantaneous flow peaks series at the bridge or
somewhere nearby, a flood frequency analysis is performed seeking the flow
corresponding to the selected future peak flow magnitude (Qgut). Then, Qmo must be
determined, as the maximum deserved peak flow has occurred at the station since the day
of the bridge construction. Then, Qmo must be determined as the maximum deserved peak
flow that has occurred at the station since the day of the bridge construction. However, if
flow data is not available, Vi, and Ve must be inferred from flow data near the bridge
by developing maps of historical flow recurrence intervals to determine the maximum
flow observed at the bridge (RIQmo) and by the relationship between RIQmo and Qmo/Qfut.

Alternatively, the estimated Vmo/Viut can be determined by converting Qmo/Qfut using
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hydrological and hydraulic tools such as HEC-HMS and HEC-RAS (Brunner, 2020) or
TAMU-FLOW (Briaud et al., 2009)

(3) Determine scour depth for a future flood This step requires the use of charts that

relate Zaut/Zmo to Viu/ Vmo (Briaud et al., 2011; Govindasamy et al., 2013) which in turn

obeys the relationship shown in Equation 15.

qut = Zmo X f(Vfut/Vmo) (15)

(4) Compare the future scour depth to the allowable (threshold) scour depth of the

foundation This step Zsu is now compared with the allowable scour depth (Zinresh). If
Zfut is less than Zthresh, the bridge is considered to have minimal risks and should
undertake regular monitoring, otherwise, the bridge is considered requiring further

analysis Govindasamy et al. (2013).
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3. METHODOLOGY

Peak flow rates, approach velocities and depths, as well as scour calculations, were
conducted using a combination of hydrological and hydraulic methods at four bridges in
Alabama. The selection of these bridges was based on previous reviews of the
AASHTOWare Bridge Management software (BrM) system, in which events between
inspections that could have caused significant scour were sought. All the selected bridges
here were identified using the same identifier recorded in BrM, which matches the state’s
Bridge Identification Number (BIN). The methodology used to perform the calculations
mentioned is divided into four sections, which are described below:

= Sites description: Section provides a brief description of the geographical location

of the sites where the bridges are situated, the type of structure, the number of piers,
and the area of the watershed associated with them.

» Hydrological analysis: Section provides details about the input information used to

feed the hydrological models, including some details about their construction, such
as the digital terrain models, watershed delineation, land use, hydrological soil types,
and the incorporated processes. The input information related to rainfall and the type
of simulated event is also outlined, as well as the steps taken to perform the FFA and
the calibration process for sites that had streamflow and precipitation data. This part
also includes the final models developed in HEC-HMS 4.9, which served as the
foundation for estimating the input flow in the hydraulic models.

» Hydraulic Analysis: Section presents the parameters used for the creation and

simulation of hydraulic models using HEC-RAS 6.1/6.2 and some of the constraints
depending on the type of model, whether it is in 1D (WSPRO, Energy) or in 2D (SA

2D connection, 2D terrain modification with raised piers). Additionally, it illustrates
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how sections and points were created for comparing velocities to ensure they were
the same in all the models.

= Bridge Sour Calculations and comparisons: Section describes the procedure followed

for calculating scour, considering the results of the approach velocity from the
previous section, and using the HEC-18. Similarly, the methodology used to estimate
scour using OMS is also described. Finally, the results are compared, and a peak-to-
average metric calculation is used for comparing scour, velocity, and depth values
among methodologies. Additionally, the results of each model were compared to a
benchmark model, which was the 2D terrain modification with raised piers using
HEC-HMS estimates of peak flow. The selection of this model as a reference model
is due to its advantages, considerations, and results, as it better represents the physical
phenomenon with fewer assumptions and limitations, as demonstrated in section 2.2

of this document. Figure 10 shows a flowchart of this thesis methodology.

BRIDGE SITE

HYDROLOGICAL ANALYSIS
\ ; .
Regression Equations | | Flood Frequency Analysis | | HEC-HMS (CN1,CNui, CNini) |
Ungauge Sites Gauge Sites l Ungauge Sites
Peak Flow or - -
Input Hydrograph <“| Model Calibration |
s
| HYDRAULIC ANALYSIS |
\
| HEC-RAS |
Y I Y
| Steady | | Unsteady |
Y v
[ Modelip | [ Modelzp |
v J Y . I .
WS-PRO Energy 2D SA- connection Terrain Modification

[ ]
y

PIER SCOUR CALCULATIONS (HEC-18, OMS)

Figure 10. Methodology Flowchart
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3.1  Study Sites
The four studied bridges are located in the state of Alabama, and for this study, they were
identified using the same AASTHOWare BrM identifier and pier nomenclature within of the
hydraulic models. The general location in the state of Alabama for the four selected bridges
is shown in
Figure 11.

* BrM No 015002. Little Double Bridges Creek and County Road 606

* BrM No 010738. Blue Creek and Meriwether Trail

* BrM No 013310. Conecuh River and County Road 2243

* BrM No 007070. French Creek and CO RT No 62
The identifiers shown here are, as mentioned earlier, the same as those used in BrM.
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Figure 11. Location of the selected Bridges in the State of Alabama (Google Earth, 2023)
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3.1.1 BrM No 015002. Little Double Bridges Creek and County Road 606
The first bridge studied corresponds to BrM No. 015002, which is sited in Coffee County,
near Enterprise, Alabama, over County Road 606 at the intersection with Little Double
Bridges Creek. The watershed under consideration covers an estimated area of 21.33 square
miles and its geographical limits are delineated by latitudes extending over from 31.383° to
31.271° and eastern longitudes ranging from -86.014° to -85.941°. This bridge has the
particularity of having a USGS streamflow gauge station, which is identified as No.
02362240. Figure 12 illustrates the bridge's structure and its location. Likewise, Figure 13

shows the USGS station and a screenshot of the data that can be extracted from its website.

\ £

¢ s /41
Figure 12. Location of Bridge No 015002. (Google Earth, 2023)
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Little Double Bridges Creek NR Enterprise, Al. -
02362240

25 de septiembre de 2022 - 25 de septiembre de 2023
Discharge, cubic feet per second
9.78 ft3/s - Oct 12, 2022 07:00:00 AM CDT

Nov 2022 Dec 2022 Jan 2023 Feb 2023 Mar 2023 Aor 2023 Mayv 2023

[IECEANE Data may be provisional

Current: — Approved — Provisional ~ Discontinued
Median: — 1985 -2022

Figure 13. USGS station No. 02362240 is located at the Bridge entrance. (USGS, 2023)
The bridge is supported with four intermediate square piers aligned in groups of five and has
an approximate span of 170 feet between abutments. Figure 14 shows the bridge

configuration taken from BrM.
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BRIDGE ID: 015002 — 1990 Original Ground (RT) L Pile

2.3 MILES EAST OF GOODMAN

LITTLE DOUBLE BRCS CK

COFFEE COUNTY

RIGHT SIDE OF THE BRIDGE

DATA SOURCE: RS-1607(105) PLANS

DRAW STATIONS FROM: 450 ft TO: 620.08 ft
STATION SCALE 30 ft:1 in ELEVATION SCALE 20 ft:1in

Figure 14. Bridge No 0150002 configuration. (AASHTOWare BrM, 2023)
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3.1.2 BrM No 010738. Blue Creek and Meriwether Trail

The second Bridge, identified as BrM No. 010738, is located in Montgomery County at the
intersection of Blue Creek and the Meriwether Trail. This watershed is defined by latitudes
ranging from 32.0007° to 32.0023° and east longitudes ranging from -86.2813° to -86.2822°,
covering an area of approximately 4.53 square miles being the smallest watershed in this
study. The bridge is supported with a span of 102 feet and two rows of intermediate square
piers aligned in groups of five. Figure 15 presents the bridge location. Also, the Figure 16

illustrates the bridges configuration extracted from AASHTOWare BrM.

Figure 15. Location of Bridge No 010738. (Google Earth, 2023)
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BRIDGE ID: 010738 = 1994 Original Ground (RT) L Pile

.2 MI E LAPINE FLASHER High Water
BLUE CREEK

MONTGOMERY COUNTY

RIGHT SIDE OF THE BRIDGE

DATA SOURCE: PLANS BR-5104 (103)

DRAW STATIONS FROM: 997 ft TO: 1099 ft

STATION SCALE 20 ft:1 in ELEVATION SCALE 10 ft:1 in

Figure 16. Bridge No 010738 configuration. Source: AASHTOWare BrM

3.1.3 BrM No 013310. Conecuh River and County Road 2243

The third bridge, identified as BrM No. 013310, is situated in Pike County, near to Goshen
at the point of intersection of the Conecuh River and County Road 2243. The watershed area
1s about 369 square miles and is the largest one of this study. Its boundaries are defined by
latitudes ranging from 31.7814° to 32.1275° and eastern longitudes spanning from -85.7115°
to -86.1051°. This bridge has an approximate length of 737 feet and features 16 rows of
intermediate piers, of which four of them have larger sections aligned in pairs, unlike the
other smaller ones that are aligned in groups of three. Figure 17 displays the bridge location.

Also, the Figure 18 shows the bridges configuration extracted from AASHTOWare BrM.
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Figure 18. Bridge No 013310 configuration. (AASHTOWare BrM, 2023)

3.1.4 BrM No 007070. French Creek and CO RT No 62

The fourth Bridge No. 007070 is located in Marengo County, close to Demopolis at the point
of intersection of French Creek and CO RT No. 62. The total area of this watershed is around
12.3 square miles bounded by latitudes that range from 32.5059° to 32.4832° and eastern

longitudes ranging from -87.7770° to -87.7724°. The bridge length is 225 feet with three
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rows intermediate circular piers in groups of four and two lines in groups of eight. Figure 19

depicts the location and Figure 20 illustrates the configuration for the Bridge No 013310.

Figure 19. Location of Bridge No 013310. (Google Earth, 2023)
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Figure 20. Bridge No 013310 configuration. Source: AASHTOWare BrM

3.2 Hydrological methods

3.2.1. Regional Regression Equation (RRE)
For all the selected bridges, peak flow calculations were carried out (Hedgecock and

Lee, 2010; Anderson, 2020) using RRE, taking into account the flood zones corresponding
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to each bridge as illustrated in Section 2.1.2 of this document and considering the

characteristics of each watershed associated with these bridges. The steps to perform this

analysis were three and are described below:

1.

ii.

1il.

Determine the watershed area using StreamStats considering the bridge as the point

of analysis (POA) (https://streamstats.usgs.gov/ss/) (Ries III et al., 2004). To carry

out this process, it is necessary to generate a report in StreamStats and extract the area
contributing to the POA (Point of Analysis). Figure 21 provides a screenshot of the

report and the area, for an example watershed.

> Basin Characteristics

Parameter Code Parameter Description Value Unit
I CONTDA Area that contributes flow to a point on a stream 1.042 square miles |
URBAN Percentage of basin with urban development 2.66 percent

Figure 21. Area extracted from Streamstats for an example watershed.

Determine the flood region as proposed by (Anderson, 2020), presented in Figure 1.
Each bridge was categorized based on its respective watershed location within each
region. Bridges No. 015002 and 010738 are classified under Flood Region No. 4,
while bridges No. 007070 and 013310 are classified under Flood Region No. 3.

Use RRE for peak flows with the area calculated in step 1 and the size and level of
urbanization recommendations provided by (Hedgecock and Lee, 2010) (Anderson,

2020) and considering a return period of 100-yr event.

3.2.2. Flood Frequency Analysis (FFA)

For those bridges that featured USGS streamflow gauges was conducted an FFA. Within

the context of this specific study, it is important to mention that only bridge No 015002 is

equipped with a stream gauge. The procedure to conduct this analysis is describe below:
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Annual Peak Streanflow, in cubic feet
per second

il.

1il.

1v.

Download multiannual peak streamflow data for the USGS National Water

Information System (https://waterdata.usgs.gov/nwis) for the site of analysis. Figure

22 provides an example of the information that can be obtained for those bridges

with streamflow data. The information corresponds to the Bridge No 015002.
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Figure 22. Peak flow streamflow data for Bridge No 015002

Using the multiannual peak flow data extracted, use the USGS PeakFQ software
(Flynn et al., 2006), which is derived from Bulletin 17b (England et al., 2019).

Find the regional skew option and a standard error recommended by (Hedgecock and
Lee, 2010) (Anderson, 2020) to run the analysis.

Use the result charts to find the 1% annual exceedance probability that corresponds
to a 100-year streamflow event and get the peak flow. Figure 23 displays the

mentioned result graph for one of the analysis watersheds using the PeakFQ software
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aGraph — a X
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Station - 02362240 LITTLE DOUBLE BRIDGES CREEK NR ENTERPRISE, AL.

EXPLANATION ANALY SIS INFO:

— Fitted frequency curve Peakfqv 7.3 run 7/15i2023 7:43:41 PM

—— PILF (LO) threshold B17B using Regional Skew option

—— Confidence limits: 5 percent lower, 95 percent upper 0.187 = Skew (G); 0.303 =Mean Sq Error (MSE sub G)
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0 Zeroes not displayed
1 Censored flows below PILF (LO) Threshold
0 Gaged peaks below PILF (LO) Threshold

Figure 23. Resulted chart using the software PeakFQ

3.2.3. Hydrological models
In order to analyze all the watersheds associated with each of the studied bridges,
hydrological models were developed using HEC-HMS 4.9 software and HEC-GeoHMS for
ArcGIS Desktop 10.x. All the watershed characteristics were calculated using USGS Digital
Elevation Models (DEM). The methodological steps for creating the hydrological models are
described below:
i.  Delineate the watershed for each model using the tool delineate in Streamstats

(https://streamstats.usgs.gov/ss/) (Ries III et al., 2004) and download the area in

shapefile (*.shp) format. Figure 24 displays the analyzed watersheds delineated in

StreamStats.
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ii.

(c) (d)
Figure 24. Watershed associated with the analyzed bridges (a) BrM No 015002 (b) BrM

No 010738 (c) BrM No 007070 (d) BrM 013310

Download the DEM from USGS National Maps (Carswell Jr., & William J., 2013).
To perform this procedure, it is necessary to go to the website

(https://apps.nationalmap.gov/downloader/#/), select the area of interest, check the

available information, and download it. Sometimes, it is necessary to create a mosaic
of several DEMs to complete the required information for each watershed. Figure 25

depicts the DEMs used to conduct the analysis for the four watersheds.
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(d)
Figure 25. DEMs for the watersheds associated with the selected bridges (a) BrM No

015002 (b) BrM No 010738 (c) BrM No 007070 (d) BrM 013310

iii.  Process the DEM using HEC-GeoHMS using the recommendations by Fleming and
Doan (2009). This process is associated with the catchment and stream definition
based on flow direction and accumulation. Also, this process defines a slope map for
the watersheds.

iv.  Define the watershed characteristics using the post-processed DEM using HEC-

GeoHMS using the guidelines proposed by Fleming and Doan, 2009. Those
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V.

characteristics are related to river length, river and basin slope and definition of the
longest flow path.

Define the hydrological methods to be simulated in HEC-HMS in terms of losses,
transformations, base flow, and routing methods. Additionally, it is necessary to
specify the required parameters for each method, depending on the chosen one.
Typically, these methods have different parameters and necessary information. In this
specific case, the Natural Resources Conservation Service curve number was used as
a loss method. A fully composite CNy is determined by using geoprocessing analysis
in ArcGIS 10.x, integrating data from the National Land Cover Dataset (NLCD)
(Dewitz, J., and U.S. Geological Survey 2021) and the Soil Survey Geographic
Database (Soil Survey Staff, NRCS, USDA 2015) as reference tables. In addition,
values for other initial moisture contents, CNj and CNyy, are also obtained. Figure 26
illustrates the land coverage for the analyzed watersheds.

Extract the rainfall from Atlas 14 (Perica et al., 2013) and configure the other methods
necessary to run HEC-HMS. In these specific simulations, as a rainfall transformation
method, the SCS dimensionless synthetic hydrograph (Mockus, 1972) was used for
each of the sub-basins. The base flow value was not considered in the analysis. Other
processes, such as evaporation or recharge, were considered negligible because the

simulations were event-based and thus not continuous.
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Figure 26. Land cover values for the analyzed watersheds related with the bridges (a)
BrM No 015002 (b) BrM No 010738 (¢) BrM No 007070 (d) BrM 013310

(d)
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vii.  Export the model to HEC-HMS from HEC-GeoHMS following the recommendations

by (Fleming and Doan, 2009). Figure 27 shows the models created in HEC-HMS.

viii.  Run the models and obtain the output hydrographs. These hydrographs correspond to

CNry or normal antecedent moisture conditions.
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ix.  Create models for dry antecedent moisture conditions CNi and wet antecedent
moisture conditions CNiy, taking as a reference the models constructed for CNII and
using the equations from Table 1 for each of the sub-basins belonging to each of the
hydrological models.

X.  Run the models for CNyand CNi and obtain the additional output hydrographs for

each watershed.

[ Basin Model ILDBC V4] Current Run Precipitation] | — | =) [l

d)
© (
Figure 27. Models created in HEC-HMS for the watersheds associated with the bridges (a)

BrM No 015002 (b) BrM No 010738 (c) BrM No 007070 (d) BrM 013310
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3.2.4. Hydrological Calibration

For Bridge No 015002, which is the site of a USGS station. A calibration effort was
performed for the HEC-HMS model. During an interval of 15 months, a rain gauge (see
Figure 27) was deployed and utilized to collect and record information. The rain gauge data
was utilized when combined with the stream flow measurements obtained from the USGS
station to establish the calibration of a relatively strong rainfall event that occurred on March
18, 2022, which had a return period of 5 years. The calibration process was conducted taking
into account the recommendations by Felman (2000) and using as objective function the

percent error in peak and (Equation 4) presented in subsection 2.1.3 of this document.

3.3. Hydraulic modeling approaches

Four different hydraulic modeling approaches were employed in order to determine
the velocity in the proximity of the bridge. The velocities used for pier scour predictions were
consistently applied at the same locations and over the same paths, ensuring consistency in
the analysis. Two 1D steady models in which energy losses in bridges were simulated in

HEC-RAS 6.1/6.2, one using WSPRO (Arneson and Shearman, 1998) and the other using
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Energy Equation (Brunner, 1995) (Brunner and CEIWR-HEC, 2020). Similarly, two 2D
unsteady models were tested using different bridge approaches, one using an SA/2D
connection (Brunner et al., 2020) and the second using a terrain modification with raised
piers (Hydrologic Engineering Center, 2023). These models aimed to analyze the impact of
the bridge structure on flow patterns and water levels during unsteady flow conditions. The
Courant number method, as described by Bruner (2021), was used in the implementation of
the 2D models to ensure accurate and stable numerical simulations. The maximum Courant
number used was 2.0 and the minimum 0.5. This method accounts for the time step size and
grid spacing to maintain stability and avoid numerical instabilities. Because HEC-RAS uses
an implicit solution scheme, courant numbers can be greater than one and still maintain a
stable and accurate solution (Brunner et al., 2020).

Three types of geometries were created for the simulation of each bridge. The first
corresponds to geometry used for the 1D models (WSPRO and Energy), which was the same;
the difference lay in the bridge modeling approach and the number of cross sections that each
method used to solve energy losses (Arneson and Shearman, 1998) (Brunner et al., 2020).
The second type corresponds to the SA 2D connection, and the third type uses terrain
modifications with raised piers. The mesh for this type of model is similar to the SA 2D
connection, but it was discretized more finely in the areas near to the bridge approach and
piers. Typically, cell values equal to or smaller than the pier size were considered to ensure

variation in velocity between adjacent cells.
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Below are presented the methodological steps for constructing the hydraulic

models.

il.

1il.

1v.

V.

Download the terrain using RAS-Mapper in HEC-RAS. The Digital Elevations
Models used for hydraulic calculations were Lidar data with a resolution of 1 meter
x 1 meter (3.28 ft x 3.28 ft).

Draw the 1D geometry (cross-sections) or 2D geometry according to the hydraulic
model to be modeled (Define grid, grid size, mesh errors, computational points, and
necessary breaklines).

Define the bridge section for 1D models or the SA 2D connection for 2D models with
this type of connection or modify the terrain by raising the piers.

Define boundary conditions (Based on input hydrograph extracted from HEC-HMS,
time step, and computational interval and other necessary parameters to set the
model). The boundary conditions typically used for unsteady flow were flow
hydrograph upstream and normal depth downstream.

Run each of the bridge modeling approach using HEC-RAS (WSPRO, Energy, 2D
SA connection, 2D terrain modification with raised piers) for each analyzed flow
(RRE, CNj, CNyi, CNm)

Verify warnings, errors, and results.

The following discussion provides more details of the methodological steps above

and illustrates the geometry of the models used for each of the four analyzed bridges.
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3.3.1. BrM No 015002. Little Double Bridges Creek and County Road 606

This section displays the geometry for the hydraulic models developed for Bridge
BrM No. 015002, which is located over County Road 606 and crosses Little Double Bridges
Creek. Figure 29 (a) and Figure 29 (b) display the geometry created for the 1D models
(WSPRO and Energy) and the bridge cross section, respectively. Also, Figure 30 (a) shows

the 2D geometry and Figure 30 (b) shows the SA 2D connection.
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Figure 29. Geometry 1D Hydraulic model in HEC-RAS and bridge cross section
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Figure 30. Geometry 2D Hydraulic model in HEC-RAS and bridge and SA 2D connection
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Similarly, Figure 31 (a) shows the set of 16 piers that were stamped into the DEM
represent of the 2D terrain model with raised piers and Figure 31 (b) illustrates a bridge cross

section with four columns caused by the modified terrain.

Terrain Profile Plot
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Figure 31. Terrain modification with raised piers

3.3.2. BrM No 010738. Blue Creek and Meriwether Trail

The geometries for the hydraulic models generated for Bridge BrM No. 010738,
which crosses the Blue Creek and Meriwether Trail, are shown in this section. Figure 32 (a)
and Figure 32 (b) show the geometry developed for the bridge cross section and the 1D
models (WSPRO and Energy), in that order. Additionally, Figure 33 (a) depict the 2D

geometry and Figure 33 (b) SA 2D connection.
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Figure 32. Geometry 1D Hydraulic model in HEC-RAS and bridge cross section

(@)

Figure 33. Geometry 2D Hydraulic model in HEC-RAS and bridge and SA 2D connection
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Finally, Figure 34 (a) displays a total of 10 piers that were incorporated into the DEM

of the 2D terrain model with raised piers and Figure 34 (b) illustrates a bridge cross section

with two columns as a result of the modified terrain.
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Figure 34. Terrain modification with raised piers

3.3.3. Bridge BrM No 013310 Conecuh River and CR 2243

In this part, the geometries for the hydraulic models created for the Bridge BrM No.
013310, which intersects the Conecuh River and County Road 2243, are shown. In this
subsection Figure 35 (a) show the geometry developed for the 1D models (WSPRO and
Energy) and Figure 35 (b) the bridge cross section. Additionally, Figure 36 (a) depicts the

2D geometry and Figure 36 (b) SA 2D connection.
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Figure 35. Geometry 1D Hydraulic model in HEC-RAS and bridge cross section
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Figure 36. Geometry 2D Hydraulic model in HEC-RAS and bridge and SA 2D connection

Finally, Figure 37 (a) displays a total of 58 piers were included into the terrain for
the 2D model with raised piers and Figure 37 (b) depicts a bridge cross section with sixteen

columns after the terrain DEM modification.

Termain Profile Plot

Figure 37. Terrain modification with raised piers

3.3.4. BrM No 007070. French Creek and CO RT No 62

The geometric details of the hydraulic models implemented for Bridge BrM No.

007070, which is over County Road 2243 and intersects the Conecuh River, are presented.
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In this subsection Figure 38 (a) displays the geometry created for the 1D models (WSPRO
and Energy), while Figure 38 (b) provides an illustration of the bridge cross-section.
Furthermore, Figure 39 (a) showcases the 2D geometry, and Figure 39 (b) demonstrates the

SA 2D connection.
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Figure 38. Geometry 1D Hydraulic model in HEC-RAS and bridge cross section
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Figure 39. Geometry 2D Hydraulic model in HEC-RAS and bridge and SA 2D connection

Figure 40 (a) presents the incorporation of 20 piers into the terrain for the 2D model
with raised piers, while Figure 40 (b) presents a bridge cross-section featuring seven columns

following the terrain adjustments.
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Figure 40. Terrain modification with raised piers
3.4.  Scour Calculations
This section provides an overview of the methodology associated with pier scour calculations
for the four analyzed bridges. These calculations were divided into two parts, which are:
scour calculation using the HEC-18 method and scour calculation using the OMS method.

The methodological steps for both methods are described below.

3.4.1. Pier scour calculations using HEC-18 method.
The methodological steps used to perform scour calculations using the HEC-18 equation,
based on CSU (Anerson et al., 2012) are outlined as follows:

i.  Extract the depth and velocity values from HEC-RAS (Brunner et al, 2020) for each
of the columns comprising the bridges, using each of the analyzed approximation
methods (WSPRO, Energy, 2D SA connection, 2D terrain modification with raised
piers).

ii.  Extract the directions of the velocity vectors in RAS-Mapper (Brunner et al, 2020)
for each of the approximation methods and determine the flow approach angle to

the columns.
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1il.

1v.

3.4.2.

Define values for K1, K2, and K3 factors for pier nose shape, angle of flow attack,
and bed condition, respectively (Anerson et al., 2012).

Estimate the particle distribution size of the soil for each bridge. It is necessary to
take samples from the riverbed of the bridge and conduct this type of analysis in the
lab to obtain Dso.

Perform calculations for each of the bridge piers using Equation 14 (See subsection
2.3.3) (Anerson et al., 2012). Use Hydraulic Toolbox 5.3 to solve hydraulic
calculations (Bergendahl and Arneson, 2014), (Ghelardi, 2021). Hydraulic Toolbox
was used instead of HEC-RAS because the bridge scour calculations in HEC-RAS
are based on the fourth edition of HEC-18 (Richardson and Davis, 2001). Brunner
(2020) mentions that the scour calculations in HEC-RAS have not been modified to
keep the changes that are included in the fifth edition of HEC-18 (Anerson et al.,

2020).

Pier scour calculations using OMS.

The methodology used to perform scour calculations using OMS (Govidasamy et al.,

2013) (Briaud et al., 2011) is described below:

1.

11.

Determine the maximum observed scour Zmo. This value is determined using the
inspections recorded in BrM, considering Zmo as the value of the original profile
compared to the current profile. Additionally, the pile with the greatest scour is
identified, and its value is recorded.

Calculate the recurrence interval using TAMU Flood (Briaud et. al, 2011) based on

nearby stream gages and rain gages.
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1il.

1v.

3.5.

Obtain the ratio Qmo/Qrut as a function of the recurrence interval. Calculate the valor
Qmo Y Qfur=Q100 usando RRE

Estimate the ratio between the maximum future velocity Vmax and the maximum
observed velocity Vmo through the local recurrence interval. Convert Q,,, to V;,,, and
Qfut t0 Vryr using Manning equation HEC-RAS (1D or 2D)

Estimate future scour as a ratio between the maximum future scour Zmax and the

maximum observed scour Zmo

Comparison between scour results

The approaches used to compare the different alternatives for calculating the peak

flow used for scour calculations through various bridge approximation models is presented

below:

11.

Direct comparison between the results and the different alternatives to calculate peak
flow and scour. It was considered that the approach using HEC-HMS and HEC-RAS
2D with raised piers was the reference for comparison.

Calculation of peak to average for scour. This value corresponds to the maximum
calculated scour depth in one of the columns divided by the average scour depth of

all columns in the cross-section of the bridge.
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4. RESULTS
In this chapter, the results of the differences found among the various alternatives
used to calculate peak flow for the scour analysis in bridge piers through hydraulic models

for four bridges in Alabama are presented.

4.1 Hydrological Results

The information provided below presents the results of the different hydrological
alternatives used to calculate peak flow in the selected bridges. These alternatives include
RRE, FFA, and hydrological models.

RRE values for a 100-year event were calculated for the sites where the bridges are
located, using the bridge as the watershed outlet. The values were computed in accordance
with the guidelines provided by (Hedgecock and Lee, 2010) and (Anderson, 2020). The
results of the values obtained using RRE are presented in Table 3.

Table 3. Peak using RRE for 100-yr return period values for the four analyzed bridges

BrM ID River Area (sg.mi) PeakFlow (cfs)
015002 Little Double Bridges Creek 21.6 7,682
010738 Blue Creek 4.5 3,221
007070 French Creek 125 7,616
013310 Conecuh River 373.3 38,017

4.1.1 BrM No 015002. Little Double Bridges Creek and County Road 606

For the bridge BrM ID 015002, which has a USGS streamflow gauge station, it was
performed an FFA analysis. Analyzing 37 years of peak streamflow data covering from 1986
to 2022, and utilizing the USGS software PeakFQ 7.4, a 100-year streamflow event was
calculated obtaining a value of 14,570 cfs. This result is 89% longer than the corresponding

RRE results.
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In order to identify the cause of this difference, we searched for extreme events that
occurred around the time when the peak instantaneous flow value was recorded and it was
found that the record corresponded to Tropical Storm Alberto, which hit the area around
Enterprise, Alabama, and BrM id 015002 on July 7, 1994. This situation shows that the value
recorded at USGS Station No. 02362240 is real and illustrates that, in some cases, values
calculated using RRE may not represent the worst scenario for peak flow calculation.

Using data collected from the rain gauge installed at Bridge No. 015002 and stream
flow data recorded in the USGS Station No. 02362240, parameter calibration was performed
for the Little Double Bridges Creek watershed, which drains into that bridge. The calibration
process was carried out in HEC-HMS 4.9, aiming to minimize percent error in peak discharge
(Equation 4) for a significant event-based that occurred on March 18, 2022. The optimization
results for minimizing the percent error in peak discharge for Little Double Bridges is shown
in Figure 41 and the comparison between the two resultant outflow hydrographs is illustrated
in Figure 42. In the calibration process, the values of the composite CN remained constant,
while the roughness coefficient for overland flow planes and channels values were varied for
a simplex optimization in each sub-basin of the watershed. After the calibration process it
was found a difference in the peak flow discharge between the observed and the calibrated
data corresponding to 10 cfs, which is equivalent to a value of 0.5% of percent error in peak
discharge. The roughness parameters adjusted during the calibration process were used in
models representing different antecedent soil moisture conditions for the watershed
associated with the mentioned bridge and considering that the other bridge watersheds share
similar land use characteristics, urbanization percentages, and rural predominance; these

parameters served as references for developing the other watershed models.
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Project:Project 4 Optimization Trial:Optimization 1

Start of Trial:  17mar.2022, 00:00 Basin Model: dbcreekd
End of Trial:  20mar.2022, 23:45 Meteorologic Model:dbcreekd
Compute Time:18ene.2023, 20:08:40

Statistic at Basin Element "Outlet10"
Goal: Minimization
Statistic: Percent Error In Peak Discharge
Start of Function:17mar.2022, 00:00
End of Function: 20mar.2022, 23:45
Value: 0.10

Volume Units: @ IN () ACRE-FT

Measure Smulated Observed Difference Percent
Difference
Volume (IN) 0.73 1.35 [ -0.62 -45.86
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Figure 41. Calibration results for minimizing the percent error in peak discharge in Little

Double Bridges Creek (BrM No 015002)
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Figure 42. Comparison between the two resultant outflow hydrographs.

Observed discharge (Black line) and Calibrated discharge (Blue line)

Hydrological models were created for 100-year rainfall events and evaluated for each
watershed associated with the analyzed bridges. Due to the lack of calibration, the same
setting for the hydrologic simulations on 015002 was used for the other bridges. In each
case, different scenarios of antecedent moisture conditions (AMC), dry conditions (CNy),

normal conditions (CNy), and wet conditions (CNyr) was used to facilitate the comparison of
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results to make it easier to compare the results visually and assess how antecedent soil
conditions affected the peak flow used for scour calculation, the results of the outflow
hydrographs by watershed for each of the antecedent soil moisture conditions CNy, CNy, and
CNmn are presented in groups. The value of CNj is presented but hydraulic computations
were not performed for these cases because flows were small, and scour would be minimum.

The outflow hydrographs are presented in Figure 43 for the watershed associated with
the bridge BrM No 015002. In addition, Table 8 shows the peak flow value for each outflow

hydrograph.
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Figure 43. Outflow hydrographs for watershed associated BrM No 015002 and different

antecedent soil moisture conditions, CN;, CNy and CN
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Table 4. Peak flow for different antecedent moisture conditions. BrM No 015002 watershed

Peak flow AMC (cfs)
CNi CNn CNmi
015002 Little Double Bridges Creek | 1,981 | 5,900 9,689

BrM ID River

The results shown in Figure 46 and Table 4 reveal a difference of 3,789 cfs between
the values of CNyand CN, which corresponds to a difference of 64% percent. Additionally,
it was observed that the value associated with CNy does not represent the worst-case scenario
in the calculation of peak flows that were modeled.

When comparing the peak flow of the RRE with CNy and CNm, the RRE is
approximately 30% higher than CNy and 26% lower than CNm. Finally, when compared
RRE and CNm with FFA, RRE is 89% and CNi is 50% lower than FFA. In this specific
case, due to the presence of the extreme event Tropical Storm Alberto in 1994, neither the
values of RRE nor those of the models using CNpip or CNiir correspond to the worst-case
scenario recorded for this bridge. However, the value from the model using CNy (wet

antecedent moisture conditions) could be the scenario to use in the absence of data.

4.1.2 BrM No 010738. Blue Creek and Meriwether Trail

Similarly, scenarios using different antecedent soil moisture conditions were created
and modeled for the Blue Creek watershed associated with Bridge BrM No 010738. The
outflow hydrographs for this watershed are presented in Figure 44 and the peak flows for the

different antecedent moisture conditions are presented in Table 5.
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Figure 44. Outflow hydrographs for watershed associated BrM 0107038 and different

antecedent soil moisture conditions, CN;, CNy and CN

The results provided in and Table 5 demonstrate a 16% difference in the values of the
models employing CNp and CNyp. Furthermore, when the peak flows modeled are compared

to the RRE, it is found that the RRE value is greater by 0.6% and 16.9% than the models

using CNprand CNi, respectively.

Table 5. Peak flow for BrM No. 010738 watershed using different antecedent moisture

conditions.
Peak flow (cfs)
BrM ID River CNi | CNu CNm
010738 Blue Creek 1,849 | 2,756 3,202
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4.1.3 BrM No 013310. Conecuh River and County Road 2243
In the same way, similar outflow hydrographs were made for BrM No. 013310 over
Conecuh River using the same previous soil moisture conditions. These hydrographs are

presented in Figure 45 and the peak flows associated with those hydrographs are presented

in Table 6.
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Figure 45. Outflow hydrographs for watershed associated BrM 013310 and different

antecedent soil moisture conditions, CN;, CNyand CN

For this case, Table 6 shows a difference 66.8% between the peak flows calculated
using CNp and CNyy, and when these values are compared with RRE, CNy; is 2.39% greater
than the RRE, and the CNiy is 70.8% higher. In this case, it is observed that the RRE values

are closer to CNir.
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Table 6. Peak flow for BrM No. 007070 watershed using different antecedent moisture

conditions.

Peak flow AMC (cfs)
CNi CNu CNmi
13310 Conecuh River | 13,072 | 38,926 64,934

BrM ID River

4.1.4 BrM No 007070. French Creek and CO RT No 62
Finally, models were constructed for the watershed associated with bridge BrM No
007070 under different antecedent soil moisture conditions. These hydrographs are shown in

Figure 46, and the peak flows related with those hydrographs are presented in Table 7.
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Figure 46. Outflow hydrographs for watershed associated BrM 007070 and different

antecedent soil moisture conditions, CN;, CNy and CN

For this case, Table 7 shows a difference 36.8% between the peak flows calculated using

CNi and CNi, and when these values are compared with RRE, CNy is 31% lower than the
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RRE, and the CNyy is 4.8% higher. In this case, it is observed that the RRE values are closer

to CNi.

Table 7. Peak flow for BrM No. 007070 watershed using different antecedent moisture

conditions.
Peak flow AMC (cfs)
BrM ID River CN CNn CNin
007070 French Creek 2,867 | 5,811 7,986

For this case, Table 7 shows a difference 36.8% between the peak flows calculated
using CNy and CNyij, and when these values are compared with RRE, CNy is 31% lower than
the RRE, and the CNyj is 4.8% higher. In this case, it is observed that the RRE values are

closer to CNypr.

4.1.5 Summary of the Hydrological Results
As a summary of the results described above, Table 8 presents the obtained peak

flows for the hydrological methods used.

Table 8. Peak flow using hydrological models for a 100-yr return period for the four analyzed

bridges

Peak flow HEC-HMS estimates

BrM ID River RRE (cfs) Peak flow AMC (cfs)
CN CNn CNm

015002 Little Double Bridges Creek 7,682 1,981 | 5,900 9,689
010738 Blue Creek 3,221 1,849 | 2,756 3,202
007070 French Creek 7,616 2,867 | 5,811 7,986
013310 Conecuh River 38,017 13,072 | 38,926 64,934
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4.2. Hydraulic Results

In this section, the results of the four different bridge modeling approaches used to
obtain the velocity in the vicinity of the bridge are presented. A total of 48 hydraulic models,
12 per bridge, were constructed as a result of the combinations between various hydrological
modeling. The alternatives to estimate peak flows, included RRE, different antecedent soil
moisture conditions (CNpand CNiyp), each combined with different bridge modeling
approaches. These hydraulic models included: 1D WSPRO, 1D Energy, 2D SA Connection,
and 2D terrain modification with raised piers. The CN; model was not considered for scour
analysis because it did not represent a worst-case scenario in scour calculations (low flow
rates). To understand and visualize the differences that occur in the different bridge modeling
approaches, maps are presented as an example using as a selected hydrological alternative,
the antecedent soil moisture condition CNi.

Typically, the results for each bridge are presented in two types of figures. The first
type corresponds to velocity maps for the bridge modeling approaches, and the second type
corresponds to water depth maps using the same approaches. For the first type of map, equal
velocity ranges were created for comparing the velocity results. The depth and velocity
ranges varied for each of the bridges, with low velocity values represented in shades of blue-
green, medium velocities in yellow-orange, and high velocities in red. Similarly, water depth
ranges were represented using low water depth values in green, medium values in yellow-
orange, and high values in red-magenta. As a rule, the figures are labeled from (a) to (d),
where: (a) corresponds to 1D WSPRO, (b) 1D Energy Equation, (c) 2D/SA connection, and
(d) to 2D terrain modification with raised piers.

In addition, figures and tables were created for velocities and water depth as a

comparison of the parameters among the different bridge modeling approaches to visualize
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the differences between each approach. The tables show the percentage differences for
velocity and water depth between each approach against the benchmark modeling approach,
which is 2D terrain modification with raised piers model (Brunner et al, 2020) (Robinson,

2019). The equations used for those calculations are shown in Equation 16 and 17.

Velocity Value i h method
elocity Value in each metho )xlOO (16)

% Difference Velocity = (1 -
% Difference Velocity Velocity value in the benchmark

Water depth value i h method
ater depth value in each metho >x100 (17)

% Diff w h= (1 -
% Difference Water dept Water depth value in the benchmark

4.2.1 BrM No 015002. Little Double Bridges Creek and County Road 606

Figure 47 shows the velocity map for the different bridge modeling approaches for
Bridge BrM No. 015002, when the alternative to calculate the peak flow is antecedent
moisture condition CNy. In general terms, the approach models, 1D WSPRO (a) and 1D
Energy (b), look very similar, conversely with the 2D models, which have higher velocities
at the bridge entrance. When the 2D models are compared to each other, the 2D/SA
connection model (c) exhibits lower velocities than the 2D terrain modification with raised

piers model (d).
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Figure 47. Velocities for different bridge modeling approaches, Bridge BrM No 015002. (a)
WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised piers

Figure 48 shows the velocity differences in each pier according to each bridge
modeling approaches, showing the higher velocity in the benchmark model (2D terrain
modification with raised piers) followed 2D-SA connection, WSPRO and energy,
respectively. The percentage velocity differences between the benchmark and the other
approaches vary depending on each approach and the method to calculate the peak flow.
Table 9 shows the velocity comparison between the benchmark and the other methods,

finding percentage velocity average differences below the benchmark ranging from 17.1%
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to 24.1% according to each method, implying similar flow regimen conditions and velocity

magnitude upstream the bridge entrance for the 1D models and the 2D SA connection model.
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Figure 48.Velocities comparison for the bridge modeling approaches. Bridge BrM015002

Table 9. Velocity comparison between the benchmark model and other approaches for

different alternatives to calculate peak flow. Bridge BrM 015002

Method RRE CNy CNi
1D WSPRO 24 % 17.1% 23.5%
1D Energy 24.1% 205% | 23.5%
2D Connection 21.7% 20.9% 23.5%

Similarly, Figure 49 shows that the water depth and floodplain results for the 1D

models WSPRO (a) and 1D Energy (b) are very similar, contrary with the two-dimensional

Models (c) (d), which display a broader floodplain and deeper water depths compared to the

one-dimensional models.
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Figure 49. Water depth results for different bridge modeling approaches, Bridge BrM No
015002. (a) WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised

piers

When the 2D models are compared, the 2D-SA connection (c) shows a deep-water
depth upstream of the bridge than the 2D terrain modification with raised piers model (d),
which means low velocities upstream of the bridge. It seems that the flow is pooled at the
bridge entrance in the 2D-SA connection model (c), creating a control section, a condition
that may not be representative when compared to the benchmark model (2D terrain

modification with raised piers), which does not represent this behavior in the results (d).
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Figure 50 also shows the results for the water depths. It shows that the water depths were
high for the 2D-SA connection and low for the 2D terrain modification with raised piers.

Table 10 shows the water depth comparison between modeling approaches, finding the
percentage water depth average differences above the benchmark ranging from 11.6% to
55.5% according to each method. In this specific case, the negative value indicates that the

average water depth percentage is above the benchmark.
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Figure 50.Water depth for the different bridge modeling approach. Bridge BrM015002

Table 10. Water depth comparison between the benchmark model and other bridge modeling

approaches for different alternatives to calculate peak flow. BrM 015002

Method RRE CNy CNiu
1D WSPRO -11.6% | -18.9% | -27.9%
1D Energy -11.6% | -19.2% | -27.5%
2D Connection -55.5% -42% -40.3%
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4.2.2 BrM No 010738. Blue Creek and Meriwether Trail

Figure 51 shows the results of velocities for the different bridge modeling approaches
for Bridge BrM No. 010738 over Blue Creek. Once again, the 1D velocity results for 1D
models as WSPRO (a) and energy (b) are almost identical to each other, unlike the models
in 2D models that show significant differences in velocity at the bridge entrance. Comparing
the two 2D models, it was discovered that the 2D-SA connection model (c) has slower

velocities upstream (bluer) than the 2D terrain modification model (d) (more yellow).

(c) (d)
Figure 51. Velocities results for different bridge modeling approaches, Bridge BrM No

010738. (a) WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised

piers

Figure 52 shows the velocity differences in each pier according to each bridge

modeling approach, showing the higher velocity in the benchmark model followed by 2D-
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SA connection, WSPRO and energy, respectively. Table 11 shows the velocity comparison
between the benchmark and the other methods, finding percentage velocity average
differences from the benchmark to the other methods that that ranged between -1.8% below
and 50% above the reference values according to each method. The negative sign shows the

cases that the average velocity is above the benchmark.
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Figure 52.Velocities for the different bridge modeling approach. Bridge BrM010738

Table 11. Velocity comparison between the benchmark model and other approaches for

different alternatives to calculate peak flow. BrM 010738

Method RRE CNun CNm
1D WSPRO 50% 43.3% 47%
1D Energy 50% 42.2% 47%
2D Connection 14.9% -1.8% 6.7%

Also, Figure 53 shows that the water depth in the 1D models, WSPRO (a) and Energy

(b), appears notably alike. When contrasting these 1D models (a) and (b) with the 2D/SA
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connection (c) model, the floodplain exhibits similarity upstream of the bridge but reveals
variations downstream, which are more extensive in the 1D models. Two-dimensional
models were compared, and it was found that the 2D/SA connection (c¢) has a wider
floodplain upstream of the bridge (with a yellower tone) than the 2D terrain modification
with raised piers model (d), which has a greener tone. This model presents similar behavior
to the previous model (Bridge BrM No 015002), when the benchmark illustrates shallow

water depths and higher velocity approaches.

(c) (d)
Figure 53. Water depth for different bridge modeling approaches, Bridge BrM No 010738. (a)

WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised piers

Furthermore, Figure 54 displays the results for water depths, revealing variations in

maximum values in water depth for the 2D-SA connection and minimum values for the
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benchmark. Once again, the values of the one-dimensional models behave very similarly,
with water depths almost identical. Table 12 presents a comparison of water depths among
different modeling approaches, indicating average differences in water depth percentages
relative above to the benchmark, which ranged from 9.6% to 33.8% depending on the specific

method.
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Figure 54.Water depth for the different bridge modeling approach. Bridge BrM010738

Table 12. Water depth comparison between the benchmark model and other bridge modeling

approaches for different alternatives to calculate peak flow. BrM 015002

Method RRE CNy CNiu
1D WSPRO 14.9% 9.6% 11.9%
1D Energy 15.9% 11% 13.7%
2D Connection 33.8% 25.8% 32.7%

4.2.3 BrM No 013310. Conecuh River and County Road 2243
Similar analyses were conducted for Bridge BrM No. 013310 over the Conecuh
River. This river is unique with complex hydraulics, multiple openings and channels and a

wider floodplain. Figure 55 shows the results and differences between the 1D models,
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WSPRO (a), has lower velocity values at the bridge entrance (more yellow) than energy (b)
approach (redder), being the highest velocities among the four models. Comparing the 2D
models, it can be observed that the 2D-SA connection (c) (greener), has higher velocities
than the 2D terrain modification with raised piers (d) (green, yellow). Looking at the graphs
of the 1D models in comparison to the 2D models, the latter display more realistic flow line

characteristics.

(d)
Figure 55. Velocities for different bridge modeling approaches, Bridge BrM No 013310. (a)

WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised piers

Figure 56 shows the velocity differences in each pier according to each bridge
modeling approach, showing a different behavior compared to the other two analyzed

bridges. In this bridge, the 1D energy has a higher velocity compared to the other three
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approaches. Nevertheless, the results of this method are concentrated in the main channel,
creating high velocities in this part of the cross section, a condition that is considered
unrealistic taking into account the assumptions that the 1D models have and observing the
results of the benchmark approach. Moreover, Table 13 presents a comparison of velocities
between the benchmark and alternative approaches, revealing that the percentage differences
in average velocity, vary between 1.6% and 119.6% above depending on the specific method

employed. The negative sign indicates that the average water depth percentage is above the

benchmark.
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Figure 56.Velocities for the different bridge modeling approach. Bridge BrM013310

Table 13. Velocity comparison between the benchmark model and other approaches for

different alternatives to calculate peak flow. BrM No 013310

Method RRE CNy CNiu
1D WSPRO -119.6% -6.3% | -38.4%
1D Energy -140.2% | -15.5% | -52.3%
2D Connection -35.3% -6.8% -1.6%
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Analogously, Figure 57 presents water depth values for the different bridge modeling
approaches concerning Bridge BrM No 013310. The energy model (b) exhibits deeper water
depths than the WSPRO model (a). Additionally, it can be observed that the 2D-SA
connection model (c) displays a possible pooling effect upstream the bridge section, acting
as a flow control (red-magenta tones) due to the contraction. When this model is compared
with the benchmark (d), both show significant differences presenting the latter a smooth
transition at the bridge entrance. Compared with the other two bridges analyzed before, this
bridge behaves differently with the maximum velocities registered for the 1D models and

minimum velocity approach for the 2D models at the bridge entrance.

(©) @
Figure 57. Water depth for different bridge modeling approaches, Bridge BrM No 013310. (a)

WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised piers
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Besides, Figure 58 shows the results for water depths illustrating maximum values in
water depth for the 2D-SA connection and minimum values for the WSPRO. Table 14
presents a comparison of water depth among different modeling approaches, indicating
average differences in water depth percentages relative to the benchmark approach, which
ranged from -31.4% to 10.6% depending on each specific method. The negative sign
indicates that the average water depth percentage is above the benchmark.

18.00

16.00

[ [
u [
14.00 u = [ ] ]
[
[ [
_ 1200 A A A
3 o 92 X A A Q u ) [}
£ o X [6) A u
2 1000 X X 2 o
[=] X A
o A Q o
5 800 X A
s Q § 9 A
6.00 L g
X
[
4.00
2.00
A
K
0.00
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

PIER No

A 2D_Terrain_Mod M 2D- SA Connection  © 1D-Energy X 1D- WSPRO

Figure 58.Water depth for the different bridge modeling approach. BrM No 013310

Table 14. Water depth comparison between the benchmark model and other approaches for

different alternatives to calculate peak flow. Bridge BrM No 013310

Method RRE CNy CNny
1D WSPRO -158% | 10.6 % 3.4%
1D Energy 22.1% | 56% 0.8%
24.3 %
2D Connection -3.1% | -31.4%
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4.2.4 BrM No 007070. French Creek and CO RT No 62

Lastly, comparable results for the velocities for French Creek Bridge BrM No. 07070
are shown in Figure 59. Again, the velocity findings obtained using the 1D energy (b) and
1D WSPRO (a) are almost identical. The two-dimensional models, on the other hand, depict
significant variations in velocity near the bridge opening. When comparing the 2D models,
the benchmark (d) showed higher upstream velocities (yellow, red) than the 2D-SA

connection model (c) (more yellow).

(© S (d)
Figure 59. Velocities results for different bridge modeling approaches, Bridge BrM No

007070. (a) WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised

piers
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Figure 60 shows the velocity differences in each pier according to each bridge modeling
approaches, showing the higher velocity in the benchmark model (2D terrain modification
with raised piers) followed 2D-SA connection, WSPRO and energy, respectively. The
percentage velocity differences between the benchmark and the other approaches vary
depending on each approach and the method to calculate the peak flow. Table 15 shows the
velocity comparison between the benchmark and the other methods, finding percentage
velocity average differences below the benchmark that raging in 16.9% above and 50.1%
below the benchmark according to each method. In this specific case, the negative sign

indicates that in some cases the average velocity is above the benchmark.
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Figure 60. Velocity for the different bridge modeling approach. Bridge BrM No 007070

Table 15. Velocity comparison between the benchmark model and other approaches for

different alternatives to calculate peak flow. BrM No 007070

Method RRE CNy CNny
1D WSPRO 35 % 50.1% | 46.4%
1D Energy 35.2 % 499% | 46.4%
2D Connection -7.8% 13.6% | -16.9 %
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Figure 61 the water depth in the 1D models, WSPRO (a) and Energy (b), appears
notably alike (same colors). When contrasting these 1D approaches (a) and (b) with the 2D
approaches (c) (d), there are notable differences downstream the bridge where the 2D
approaches presents deep water depths and broader floodplains. Comparing the 2D models,
it was found that the 2D/SA connection (c) has a wider floodplain upstream and downstream

than the 2D terrain modification with raised piers model (d).

© " T
Figure 61. Water depth for different bridge modeling approaches, Bridge BrM No 007070. (a)

WSPRO (b) Energy (c) 2D/SA connection (d) 2D terrain modification with raised piers
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Moreover, Figure 55 displays the results for water depths, where the benchmark
presents the maximum water depths and WSPRO and Energy the minimum values.
One more time, the values of the 1D approaches behave very similarly, with water depths
almost identical. Table 16 presents a comparison of water depths among different modeling
approaches, indicating average differences in water depth percentages relative above to the
benchmark, which ranged from 9.2% to 32.1% depending on the specific method. In this

case, the negative value indicates that the average water depth percentage is above the

benchmark.

8.00
7.50

7.00 A A AA A A A

6.50 mm EE [ | u u
6.00
F 5.50

£ 500 ox XX X X X
2 450
& 4.00
= 3.50
3.00
2.50
2.00
1.50
1.00

2 3 a4 5 6

PIER No

A 2D_Terrain_Mod B 2D- SA Connection © 1D- Energy X 1D- WSPRO

Figure 62.Water depth for the different bridge modeling approach. Bridge BrM007070

Table 16. Water depth comparison between the benchmark model and other approaches for

different alternatives to calculate peak flow. BrM No 007070

Method RRE CNy CNu
1D WSPRO -11% | 321% | 226 %
1D Energy -13% | 319% | 227 %
2D Connection -9.2 % 7.4 % -1.8%
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A peak-to-average analysis was done for velocity, in addition to visual analyses and
comparisons between average values for velocities and water depth. This method involves
dividing the maximum calculated velocity by the average velocity for each bridge modeling
approach. This process helps standardize the values across methods, enabling the
determination of which methods exhibit higher velocity that could be related with more

potential of scour. The results of this analysis for the four bridges are presented in Figure 63.
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Figure 63.Peak to average velocities by bridge for the different bridge modeling approaches

Figure 63 shows that for Bridge BrM No 015002 (in green), the bridge modeling
approach with the highest peak to average value corresponds to 2D SA connection with
1.117, and the lowest value is for 1D energy. Similarly, for Bridge BrM No 010738, the
behavior is very similar to Bridge BrM No 015002, with a maximum value of 1.116 for 2D
SA connection and a minimum value for energy of 1.015. These two bridges have relatively
uniform peak-to-average values with little difference between the bridge modeling
approaches. In these bridges, where the sections are well-defined and there are no extensive

floodplains, all models generally behave quite similarly, whether in 1D or 2D.
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Similarly, Bridge 007070 exhibited a maximum peak-to-average value for the
benchmark, but with an almost identical value for 2D-SA connection at 1.157 and a minimum
value for energy at 1.073. This also indicates considerable uniformity in water depths
upstream of the bridge for those models.

Finally, the same analysis was performed for Bridge BrM No 013310, where there
was considerable disparity in the peak to average values. The maximum peak to average
value was recorded for the 1D energy approach with a value of 1.795, and the minimum for
1D WSPRO with a value of 1.122. This reflects the lack of uniformity in one-dimensional
models when are used in complex geometries and multiple openings and channels. In this
bridge, it was found that the peak to average values for the two-dimensional models are quite
similar, with 1.413 for 2D SA connection and 1.416 for the benchmark, indicating better

hydraulic performance in the vicinity of the bridge.

4.3. Scour calculations

This section presents the scour results for the evaluated methodologies HEC-18 and
OMS. The values corresponding to HEC-18 calculations are depicted in graphs that compare
the calculated values for each bridge modeling approach to identify how the scour depth
calculations behave throughout the different alternatives to calculate the peak flow.

A summary of the ranges for each bridge modeling approach and the analyzed
alternatives for peak flow calculation corresponding to RRE, CNy, and CNyy is provided,
followed for the analysis the peak to average for scour depth when is possible recognize
which method produce more peak to scour depth that indirectly relate the modeling approach

with the scour depth production. Finally for HEC-18 calculations, the scour values for each
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bridge modeling approach are compared against the benchmark, showing the percentage
difference between each approach for each of the analyzed bridges.

A summary of the ranges for each bridge modeling approach and the analyzed
alternatives for peak flow calculations corresponding to RRE, CNy, and CNiy is provided,
followed by the analysis by peak to average for scour depth. The latter analysis allows to
recognize indirectly which modeling approach is related to more scour depth.

Finally, for HEC-18 calculations, the scour values for each bridge modeling approach
are compared against the benchmark, showing the percentage difference between each
approach for each of the analyzed bridges sites. Following the HEC 18 calculations, the OMS
results for the four studied bridges, using as a maximum observed scour the values consigned

in BrM.

4.3.1 HEC-18 Calculations

For the scour analysis using HEC-18, it was used the methodology presented in
subsection 3.4.1 of the present document. To develop the methodology, one of the necessary
activities was the determination of the Dso of riverbed samples, as the methodologies require
soil characterization or particle size distribution to assess critical velocity and scour depth.
The size particles size per bridge is presented in Figure Al of the Appendix and the Dso
results are summarize in Table 17.

Table 17. Dsg results for the analyzed bridges.

BrM No River name Dso (mm)
015002 Little Double Bridges Creek 0.2
010738 Blue Creek 0.2
013310 Conecuh river 0.35
007070 French Creek 0.7
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Using Dso information, Equation 14 and the considerations outlined in section 2.3.4
of this document, pier scour calculations were performed using HEC-18 for the bridge
analyzed. These calculations were conducted using various bridge modeling approaches (1D
WSPRO, 1D energy, 2D SA-connection, and the benchmark 2D terrain modification with
raised piers) for different alternatives to calculate the peak flow (RRE, CNy, and CN).

The information below presents the results for each of the bridges and the conditions
described above. Table 18 shows the ranges for HEC-18 pier scour results for different
analyzed methods in Bridge BrM No 015002. This table shows minimum scour values for
1D WSPRO and 1D energy, which behave almost identical with values of 6.9 —7.3 ft, 6.7 —
7.1 ft, 7.5-7.8 ft for RRE, CNj and CNiy, respectively. The maximum scour values recorded
corresponded to 2D Terrain modification with raised piers (benchmark) with values of 7.6-
8.0 feet for the RRE, 7.1 -7.5 feet for CNyp and 8.1 — 8.5 feet for CNm. The detailed
information of those calculations is presented from Figure A2 to Figure A4 and Table A1l to

Table A3 of the Appendix.

Table 18. HEC-18 pier scour results for different alternatives to calculate the peak flow and

bridge modeling approach. Bridge BrM No 015002

METHOD RRE CNu CNm
1D WSPRO 69-73f | 6.7-7.11t | 7.5-7.8ft
1D Energy 69-73ft | 65-701ft | 7.5-7.8ft

2D SA connection 6.9-79 ft 63-73ft | 7.2-82ft
2D Terrain_mod 76-80ft | 7.1-751f | 8.1-8.5ft

Likewise, Table 19 displays the ranges of HEC-18 pier scour findings for different
methods of analysis for Bridge BrM No 010738. The minimum scour values were registered

for 1D energy, and they range from 4.4 - 4.5 feet for RRE, 4.2 feet for CNy, and 4.3 feet for
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CNir. The maximum scour values estimated corresponded to 2D Terrain modification with
raised piers (benchmark) with values of 5.8 feet for the RRE, 5.2 - 5.3 feet for CNyjj and 5.6
feet for CNyr. Nevertheless, some high values are registered for 2D-SA connection using
CNin corresponding to values ranging from 5.4 - 5.9 feet. The complete information of those
calculations is presented from Figure AS to Figure A7 and Table A4 to Table A6 of the
Appendix. This bridge, in a similar way that the previous one, showed that the maximum
scour depths were related to the 2D Terrain modification with raised piers. In this case, the
maximum scour did not correspond to the HEC-HMS CNyjj peak flow, because the RRE peak

flow was a little bit above the HEC-HMS CNiyy peak flow.

Table 19. HEC-18 pier scour results for different alternatives to calculate the peak flow and

bridge modeling approach. Bridge BrM No 010738

METHOD RRE CNn CNm
1D WSPRO 44-451ft | 41-431t 4.3 ft
1D Energy 4.4-45ft 4.2 ft 4.3 ft
2D SA connection 551t 521t 54-591t
2D Terrain_mod 5.8 ft 52-53ft 5.6 ft

In a similar way, Table 20 presents the HEC-18 pier scour calculations results for all
tested methods evaluated for Bridge BrM No 013310. The minimum obtained values for
scour calculations were for 2D terrain modification with raised piers (benchmark) with values
of 0 - 4.5 feet for the RRE, 1.3 - 6.4 feet for CNyyand 1.1 - 6.1 feet for CNy. The maximum
obtained values for scour calculations were found for 1D energy with values of 3.4 - 8.7 feet,
3.5 - 8.7 feet and 4.0 - 9.2 feet. This model contrasted to the two previous ones, showing
more scour depth for the 1D models than the D models. In this specific case, as was told

before in the hydraulic results the hydraulic complexity, the multiple openings and channels
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presume the 1D models do not represent appropriately the channel of approach. The complete
information of those calculations is presented from Figure A8 to Figure A10 and Table A7

to Table A9 of the Appendix.

Table 20. HEC-18 pier scour results for different alternatives to calculate the peak flow and

bridge modeling approach. Bridge BrM No 013310

METHOD RRE CNn CNm
1D WSPRO 29-7.01 |32-70ft |41-751t
1D Energy 34-87ft |35-87ft [40-92ft
2D SA connection | 0-52ft |2.6-7.1ft |2.0-6.1ft
2D Terrain_mod 0-4.5ft 13-641ft |1.1-6.1ft

Finally, Table 21 depicts HEC-18 pier scour calculations results for the various
methods assessed for Bridge BrM No 007070. This table shows minimum scour values for
1D energy, of 3.9 - 4.2 ft, 3.4 - 3.9 ft, 3.9 - 4.2 ft for RRE, CNy and CNyy, respectively. The
maximum scour values recorded corresponded to 2D Terrain modification with raised piers
(benchmark) with values of 4.2 - 5.8 feet for the RRE, 4.8 - 5.8 feet for CNy and 4.8 - 6.1
feet for CNii. Nonetheless, certain high values are registered for 2D-SA connection utilizing
CN, corresponding to values ranging from 5.4 to 6.1 feet. The complete information of
those calculations is presented from Figure A11 to Figure A13 and Table A10 to Table A12
of the Appendix.

Table 21. HEC-18 pier scour results for different alternatives to calculate the peak flow and

bridge modeling approach. Bridge BrM No 007070

METHOD RRE CNu CNm

1D WSPRO 3.6-391t 3.7-391t 4.0-42ft
1D Energy 39-421t 34-391t 39-421t
2D SA connection 44-551t 45-541t 54-6.11t
2D Terrain_mod 42 -58ft 48-58ft 4.8-6.1ft
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The results show a trend where the maximum scour calculations corresponded to the
2D Terrain modification with raised piers (benchmark) and the minimum values
corresponded to 1D WSPRO. In some cases, as in Bridge BrM No 013310 the maximum
scour calculations correspond to 1D energy but as it was said before due to the complex
hydraulics of that river the 1D models do not represent the channel approach.

Another type of analysis conducted was to determine the peak to average scour for
the different alternatives to calculate the peak flow and for the analyzed bridge modeling
approaches. Figure 64 to Figure 66 show the peak to average for scour for the different bridge

modeling approaches when the alternative for calculating the peak flow is RRE, CNy, and

CNu, respectively.
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Figure 64.Peak to average for scour depth using RRE
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Figure 65. Peak to average for scour depth using CNy
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In this graph, it can be observed that, for almost all cases, the 2D-dimensional models
exhibit a higher peak to average for scour, which is associated with large velocities (Figure
63) and deeper scour depth. In the same scenarios, the models with a lower peak to average
for scour correspond to 1D models, which are related to low velocities and scour depth. The
exception to the results mentioned before corresponds to Bridge BrM 013310, whose

maximum scour values correspond to the 1D energy and have the maximum peak to average

Figure 66. Peak to average for scour depth using CNm
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for scour. Nevertheless, the obtained results were not considered appropriate because those
types of models do not appropriately describe the complex hydraulics of the mentioned
bridge.

Additionally, in the analyses conducted earlier, a comparison was performed using
the 2D terrain modification with raised piers as the bridge modeling approach but varying
the alternative for calculating the peak flow. The pier scour values for each of the bridges
were averaged to determine which peak flow alternative exhibited the highest average scour.
Figure 67 and Table 22 present the results of this procedure for the bridge BrM 015002,
showing that the worst-case scenario is represented by the alternative corresponding to CN
with 8.28 ft, followed by RRE with 7.8 ft, and CNn with 7.23 ft. The percentage variation
between RRE, CNyj, and CNyjy corresponded to -7.3% and 6.15%, respectively. The negative

value indicates that the scour depth is below the corresponding one using the RRE.
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Figure 67. HEC-18 scour comparison values of the different alternatives to calculate the flow

using the Bridge modeling approach (benchmark). Bridge BrM No 015002
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Table 22. HEC-18 scour comparison values of the different alternatives to calculate the flow

using the Bridge modeling approach (benchmark). Bridge BrM No 015002

2D_Terrain_Mod 2D_Terrain_Mod 2D_Terrain_Mod
PIER BrM (RRE) (CNi) (CNmn)
2 7.91 7.19 8.33
3 8.01 7.48 8.53
4 7.61 7.09 8.14
5 7.68 7.15 8.14
Average 7.80 7.23 8.28

Figure 68 and Table 23 present the results of this process for the bridge BrM 010738,
indicating that the alternative corresponding to RRE with 5.87 feet is the worst-case scenario
for scour, followed by CNm with 5.61 ft and CNp with 5.27 ft. The percentage variation
between RRE, CNy, and CNiy corresponded to -10.22% and -4.42%, respectively. The

negative value indicates that the scour value depth is below the corresponding one computed

RRE.
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Figure 68. HEC-18 pier scour comparison of the different alternatives to calculate the flow

using the Bridge modeling approach (benchmark). Bridge BrM No 010738
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Table 23. HEC-18 pier scour comparison values of the different alternatives to calculate the

flow using the Bridge modeling approach (benchmark). Bridge BrM No 010738

PIER 2D_Terrain_Mod 2D_Terrain_Mod 2D_Terrain_Mod
BrM (RRE) (CNn) (CNm)
2 5.94 5.25 5.61
3 5.81 5.28 5.61
Average 5.87 5.27 5.61

Analogously, Figure 69 and

Table 24 Table 24 present the results of this procedure for the bridge BrM 013310, showing
that the worst-case scenario is represented by the alternative corresponding to CNyp with 4.89
ft, followed by RRE 3.34 ft, and CNy with 4.63 ft. The percentage variation between RRE,
CNi, and CNmp corresponded to 27.86% and 31.69%, respectively. The positive value

indicates that the scour value depth is larger than the corresponding one computed using the

RRE.
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Figure 69. HEC-18 pier scour comparison of the different alternatives to calculate the flow

using the Bridge modeling approach (benchmark). Bridge BrM No 013310
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Table 24. HEC-18 pier scour comparison values of the different alternatives to calculate the

flow using the Bridge modeling approach (benchmark). Bridge BrM No 013310

PIER 2D Terrain_Mod | 2D _Terrain_Mod | 2D _Terrain_Mod
BrM (RRE) (CNn) (CNm)
2 0.00 1.12 1.31
3 3.44 4.76 4.95
4 3.87 5.02 5.41
5 3.58 4.72 4.99
6 4.20 5.97 6.43
7 4.20 5.81 6.23
8 4.33 5.91 6.27
9 4.53 6.10 6.40
10 3.44 4.53 4.72
11 3.31 4.36 4.49
12 3.15 4.23 4.40
13 2.95 4.13 4.33
14 3.05 4.30 4.46
15 3.15 4.40 4.56
16 3.38 4.63 4.82
17 2.82 4.17 4.46

Average 3.34 4.63 4.89

Finally, Figure 70 and Table 25 present the results of this procedure for the bridge
BrM 07070, depicting that the worst-case scenario is represented by the alternative
corresponding to CNy with 7.35 ft, followed by CNy with 7.09 ft and RRE 5.47 ft, The
percentage variation between RRE, CNyj, and CN corresponded to 22.85 % and 25.58%,
respectively. The positive value indicates that the scour value depth is larger than the

corresponding one computed using the RRE.

115



4.00

P4
4.50
o
A A 0®
_ 5.00
£
< o ®
2 ° ¢
[ 5.50
5
o
3 < (@] N Ro
6.00 A
A
6.50 A
7.00
6 5 4 3 2

Pier No

@ 2D_Terrain_Mod (RRE) © 2D_Terrain_Mod (CNIl) A 2D_Terrain_Mod (CNIII)

Figure 70. HEC-18 pier scour comparison of the different alternatives to calculate the flow

using the Bridge modeling approach (benchmark). Bridge BrM No 007070

Table 25. HEC-18 pier scour comparison values of the different alternatives to calculate the

flow using the Bridge modeling approach (benchmark). Bridge BrM No 007070

2D_Terrain_Mod 2D_Terrain_Mod 2D_Terrain_Mod

PIER BrM (RRE) (CNi) (CNmn)

2 5.41 6.98 7.38

2.1 5.41 6.94 7.38

3 5.48 7.09 7.38

3.1 5.48 7.09 7.35

4 5.48 7.12 7.35

5 5.51 7.19 7.32

6 5.54 7.19 7.28
Average 5.47 7.09 7.35

4.3.2 OMS calculations
The following discussion presents the pier scour results using the OMS
methodology (Govindasamy et al., 2013). Using TAMU-OMS software (Briaud et. al,

2009), the future scour was calculated for the bridges analyzed. Following the
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methodological steps, exposed in section 3.4.2. The first step was to determine the
maximum scour depth at the bridge utilizing secondary information based on
AASHTOWare Bridge Management BRM for the Bridges. The results of the OMS
calculations are presented in Table 26. For Bridge BrM No. 007070, it was not possible to
apply the methodology because it was found that since its construction this bridge

experienced an aggradation process.

Table 26. OMS pier scour calculations for the analyzed Bridges

BrM ID Feature Intersected OMS scour (ft)
015002 Little Double Bridges Creek 5.5-5.6
010738 Blue Creek 1.7-1.9
007070 French Creek NA
013310 Conecuh River 54-57

Comparing the outcomes of the HEC-18 and OMS pier scours allowed for
comparison. The results show the obtained ranges without taking into account the method
used; they only display values within the obtained ranges. For bridge BrM No. 015002, the
HEC-18 pier scour depth results showed differences that were 33.7 to 51.7% higher than
OMS. For bridge BrM No. 010738, the differences were 164.7 to 210.5% higher than OMS.
For bridge BrM No. 013310 and BrM No. 007070, the differences were 20% to 61.4%

higher than OMS. It was not possible to evaluate the differences.

117



4.3.3 Summary of scour results

As a summary of scour the results described above, Table 27 presents the obtained

scour depth using HEC-18 calculations for the different hydrological and hydraulic

approaches and OMS calculations.

Table 27. Summary of scour results

BRIDGE BrM No METHOD RRE CNy CNm OoMS

1D WSPRO 6.9-73ft 6.7-7.1ft 75-78ft
1D Energy 6.9-7.3ft 6.5-7.0ft 75-7.8ft

015002 : 5.5-5.6 ft
2D SA connection 6.9-7.9ft 6.3-7.3ft 7.2-8.2ft
2D Terrain_mod 7.6-8.0ft 71-75ft 8.1-85ft
1D WSPRO 44451t 41-43ft 4.3 ft
1D Energy 4.4- 451t 4.2 ft 4.3 ft

010738 - 1.7-1.9ft
2D SA connection 55 ft 5.2 ft 54-59ft
2D Terrain_mod 5.8 ft 52-5.3ft 5.6 ft
1D WSPRO 29-7.0ft 3.2-7.0ft 41-75ft
1D Energy 3.4-8.7 ft 35-8.7ft 40-9.2ft

013310 - 5.4-5.7 ft
2D SA connection 0-52ft 26-7.11t 2.0-6.1ft
2D Terrain_mod 0-45ft 1.3-6.41t 1.1-6.11t
1D WSPRO 3.6-3.9ft 3.7-39ft 40-42ft
1D Energy 3.9-4.21t 3.4-39ft 3.9-42ft

007070 - NA
2D SA connection 44-55ft 45-541t 54-6.11t
2D Terrain_mod 42-58ft 48-58ft 48-6.1ft
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5. CONCLUSIONS

This thesis systematically evaluated a number of different ways to compute scour in
bridges through the peak flow estimates and hydraulic modeling approaches techniques.
The goal is to assess how these different ways can change the results of the pier scour
calculations in bridges that use HEC-18 and OMS. These combinations were implemented
on four bridges in Alabama, which were identified using the same AASTHOWare BrM
identifier and pier nomenclature.

The alternatives evaluated to calculate the peak flow were Regional Regression
Equations (RRE), Flood Frequency Analysis (FFA), and models using HEC-HMS using the
SCS curve number for different antecedent moisture conditions (CNj, CNy; and CNir). Flood
Frequency Analysis was used for BrM 015002, which has streamflow data. The value of the
SCS curve number (CNy) was not used for further analysis because it was considered that it
did not represent the worst scenario for scour due to the low flow rates produced. The bridge
modeling approaches were 1D-WSPRO, 1D-Energy, 2D SA connection, 2D terrain
modification with raised piers, and HEC-RAS 6.1 and 6.2.

Peak flows were estimated for an event based on the return period of a 100-year event.
The results showed that for some bridges, when the peak flow estimated using Regional
Regression Equations presented similar values than those estimated using the model HEC-
HMS CNu, such is the case of BrM No 007070 and BrM No 010738, where the Regional
Regression Equations peak flow was 4% and 0.6% smaller than HEC-HMS CNiy,
respectively. On the other hand, there were some bridges where the peak flows were yielded
using the model HEC-HMS CNiy, such as BrM 015002 and BrM 013310, where the Regional
Regression Equations peak flow was 23% and 70% smaller than the model HEC-HMS CNi.

At the same time, Flood Frequency Analysis was conducted for BrM 015002, and it was
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found that its peak flow was 89% greater than the Regional Regression Equations peak flow
and 50% greater than the HEC-HMS CNiy peak flow. Neither RRE nor HEC-HMS CN
represented the maximum peak flow. According to the obtained results, it can be concluded
that for those bridges that have stream flow data, it is necessary to perform Flood Frequency
Analysis stream flow data. For those that do not have it, HEC-HMS CNi possibly yields a
more conservative maximum peak flow estimate for scour calculations than Regional
Regression Equations. It is important to mention that the accuracy of the Regional Regression
equations is associated with the mean standard error of the model used to determine the
equations. Anderson (2020) describes the mean standard error of the model as a measure of
how well the regression model fits the input data and represents the standard deviation of the
differences between stream gage data and the corresponding prediction from the regression
equation. For the state of Alabama, Anderson (2020) also shows that the standard error varies
between 12 and 29% for a 1% exceedance probability or 100-Yr return period (analyzed
scenario) depending on the flood zone, which can explain in some cases the worst-case
scenario in peak flow calculations.

From the hydraulic point of view, it was found that the 1D bridge modeling
approaches produced similar values associated with velocity and water depths. These
approaches showed a similar floodplain for the different alternatives to calculate the peak
flow, Regional Regression Equations, HEC-HMS CNy; and HEC-HMS CNiy1. For the simple
channel geometries, the 2D modeling approaches show a wider floodplain, faster water
velocities, and shallower water depths than the 1D approaches. These included the 2D SA
connection and the 2D terrain modification with raised piers which was considered the
benchmark for comparison. For three of the four bridges, the 2D approaches showed a worse-

case scenario for scour calculations than the 1D approaches. When the 2D models were
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compared with each other, the 2D SA connection behaved like a flow control in a bridge
cross section, a situation that was not noticed in the 2D terrain modification with raised piers.

To compare the velocities and water depths, an average velocity and water depth were
calculated using the results at each pier. For three of the four bridges, BrM No 015002 over
Little Bridges Creek, BrM No. 010738 over Blue Creek, and BrM No. 007070, the
benchmark model produced a larger velocity and shallow water depth than the other
approaches, scenario related with more scour depth. For the remaining bridge, corresponding
to Bridge BrM No. 013310 over the Conecuh River the hydraulic behavior was different, the
worst-case scenario was yielded by 1D models, specifically 1D Energy, but it was noticed
that for the complex geometry of that channel approach, the 1D models did not reproduce
well the hydraulics of the bridge opening.

A peak-to-average analysis was proposed to compare the HEC-18 pier scour results
for each bridge modeling approach. The peak-to-average diagram helped to normalize the
results of each bridge modeling approach so that they could be compared. Three different
diagrams were created to show the peak-to-average for scour, in each hydraulic approach and
the alternatives analyzed to calculate the peak flow. The diagrams indicate that 2D models
have a higher scour peak-to-average, indicating higher velocities and deeper scour depth. 1D
models have a lower peak-to-average, corresponding to low velocities and scour depth.
Bridge BrM 013310 had the maximum scour values and peak to average for 1D energy, but
these models are not suitable for describing the complex hydraulics of that bridge approach
channel, as they do not accurately represent the bridge's hydraulic system.

In addition, a comparison was performed using the 2D terrain modification with
raised piers (benchmark) as the bridge modeling approach but varying the alternative for

calculating the peak flow. The pier scour values for each of the bridges were averaged to
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determine which peak flow alternative exhibited the highest average scour. The results of
these models were also compared, and percentage differences were found between the
Regional Regression Equations (a method that the DOT often uses) and the other peak flows
that were looked at. The result of these analyses showed that, for most of the cases, HEC-
HMS CNm presented the worst-case scenario for scour and not for the Regional Regression
Equations. Nevertheless, the use of wet antecedent moisture CNi conditions is justifiable in
zones such as the southeast of the United States or that exhibit the same behavior as the humid
zones of the state of Alabama.

Comparisons were made between the HEC-18 and OMS pier scour. The results
display values within the obtained ranges without considering the approach. The HEC-18
pier scour depth results showed differences of 33.7 to 51.7% greater than OMS for bridge
BrM No. 015002, 164.7 to 210.5% for bridge BrM No. 010738, 20% to 61.4% for bridge
BrM No. 013310, and BrM No. 007070, the differences were unmeasurable.

To sum up, scour estimates using approach HEC-18 depend on the choices for
hydrological and hydraulic modeling tools. The 1D models are comparable to one another in
some cases but have limited usefulness in complex bridge crossings. For such models, the
deserved results indicated larger depths upstream of the modeled bridge, and the bridge acts
as a control section at the entrance often reducing velocity and scour. For the 2D models,
larger velocities were often noticed, and flow representation is more reasonable for complex

stream cross sections which should improve scour estimations in most cases.
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5.1 Recommendations

It is important that the state DOTs improve their approaches to scour calculations.
This research indicates that there can be significant differences between estimated peak
flows, and the most conservative method, albeit justifiable, needs to be selected. The errors
associated with RRE can be too significant, and due to the importance of bridge structures,
hydrological modeling needs to be used more frequently. Likewise, when complex bridge
cross sections are considered, 2D hydraulic models should be the selected approach, as the
assumptions used in 1D modeling tools may not lead to representative velocity and depths
during peak flow conditions near these structures.

The obtained results where HMS CNiip presented the worst-case scenario for scour
makes sense only in humid areas, but such an assessment needs to be validated if a similar

study is performed for bridges in arid states.

5.2 Futures studies

A subsequent investigation is suggested to analyze more bridges in comparison in
order to have a representative sample of the hydraulic and hydrological behavior. This study
could identify trends in the different hydraulic approaches, grouping the bridges according
to characteristics as slope, similar geometry, type of piers, an alignment of the approach
channel and identifying why some differences were found in the present research.

Additionally, it is important to consider in future studies more combinations of 1D
models for the main channel and 2D models for the floodplain and analyze if those models

have similar behavior to the benchmark. Finally, it would be important to incorporate other
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2D models, such as SRH-2D which is sponsored by the Federal Highway Administration

(FHWA).
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7.1 Particle Size distribution

7. APPENDIX
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Figure A1 .Particle site distribution for the analyzed bridges (a) BrM No 015002, (b) BrM No
010738, (¢) BrM No 013310, (d) BrM No 007070
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7.2 Scour results calculations using HEC-18
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Figure A2. Scour results for Bridge BrM 015002 using HEC-18. Different Bridge modeling
approaches. Peak Flow RRE

Table Al. Scour values for Bridge BrM 015002 using HEC-18. Different Bridge modeling
approaches. Peak Flow RRE

PIER BrM | 1D- WSPRO | 1D- Energy | 2D- SA Connection | 2D_Terrain_Mod
2 6.9 ft 6.9 ft 7.6 ft 791t
3 7.3 ft 7.3 ft 7.9 ft 8.0 ft
4 6.9 ft 6.9 ft 7.3 ft 7.6 ft
5 711t 711t 6.9 ft 7.7 ft
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Figure A3. Scour results for Bridge BrM 015002 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNy

Table A2. Scour values for Bridge BrM 015002 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNy

PIER BrM 1D- WSPRO 1D- Energy 2D- SA Connection 2D Terrain_Mod
2 6.7 ft 6.7 ft 711t 7.2 ft
3 7.1t 7.0 ft 7.3 ft 7.5t
4 6.7 ft 6.5 ft 6.6 ft 7.11t
5 6.8 ft 6.6 ft 6.3 ft 7.2 ft
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Figure A4. Scour results for Bridge BrM 015002 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNi

Table A3. Scour values for Bridge BrM 015002 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNi

PIER BrM | 2D Terrain_Mod 2D- SA Connection 1D- Energy 1D- WSPRO
2 8.3 ft 7.9 ft 7.6 ft 7.6 ft
3 8.5 ft 8.2 ft 7.8 ft 7.8 ft
4 8.1 1t 751t 751t 7.5t
5 8.1ft 7.2 ft 7.6 ft 7.7 ft
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Figure AS. Scour results for Bridge BrM 010738 using HEC-18. Different Bridge modeling

approaches. Peak Flow RRE

Table A4. Scour values for Bridge BrM 010738 using HEC-18. Different Bridge modeling

approaches. Peak Flow RRE

Pier BrM 1D- WSPRO 1D- Energy 2D- SA Connection 2D Terrain_Mod
2 4.4 ft 4.6 ft 5.9 ft 5.9 ft
3 45 ft 45 ft 5.5 ft 5.8 ft
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Figure A6. Scour results for Bridge BrM 010738 using HEC-18. Different Bridge modeling

approaches. Peak Flow CNy
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Table AS. Scour values for Bridge BrM 010738 using HEC-18. Different Bridge modeling

approaches. Peak Flow CNy;

Pier BrM

1D- WSPRO

1D- Energy

2D- SA Connection

2D Terrain_Mod

2

411t

4.2 ft

5.7ft

5.2 ft

3

4.3 ft

4.2 ft

5.2 ft

53 ft

Scour Depth (ft)

Figure A7. Scour results for Bridge BrM 010738 using HEC-18. Different Bridge modeling

A 2D_Terrain_Mod M 2D- SA Connection

PIER No

approaches. Peak Flow CNyy
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© 1D- Energy X 1D- WSPRO

Table A6. Scour values for Bridge BrM 010738 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNm

Pier BrM | 1D- WSPRO | 1D- Energy | 2D- SA Connection | 2D_Terrain_Mod
2 4.3 ft 4.4 ft 5.4 ft 5.6 ft
3 431t 4.3 ft 59 ft 5.6 ft
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Figure A8. Scour results for Bridge BrM 013310 using HEC-18. Different Bridge modeling
approaches. Peak Flow RRE

Table A7. Scour values for Bridge BrM 013310 using HEC-18. Different Bridge modeling
approaches. Peak Flow RRE

Pier BrM | 1D- WSPRO 1D- Energy 2D- SA Connection | 2D_Terrain_Mod
2 29 ft 3.6 ft 0.0 ft 0.0 ft
3 4.6 ft 5.2 ft 4.8 ft 3.4 1t
4 4.6 ft 55 ft 4.3 ft 3.9 ft
5 4.8 ft 5.6 ft 3.9 1t 3.6 ft
6 6.8 ft 8.1ft 4.9 ft 4.2 ft
7 7.0 ft 8.7 ft 4.7 ft 4.2 ft
8 7.0 ft 8.2 ft 5.1ft 4.3 ft
9 7.0 ft 7.3 ft 5.2 ft 45 ft
10 5.0 ft 5.0 ft 3.8 ft 3.4 ft
11 49 ft 4.6 ft 3.9 1t 3.3 ft
12 4.8 ft 4.3 ft 3.8 ft 3.1ft
13 4.7 ft 39 ft 3.6 ft 3.0ft
14 4.5 ft 3.8 ft 3.8 ft 3.1ft
15 431t 3.7 1t 3.7 1t 3.11t
16 4.2 ft 3.7ft 2.8 ft 3.4 ft
17 3.7 1t 3.4 1t 1.9 1t 2.8 ft
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Figure A9. Scour results for Bridge BrM 013310 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNy

Table A8. Scour values for Bridge BrM 013310 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNy

Pier BrM | 1D- WSPRO | 1D- Energy | 2D-SA Connection | 2D_Terrain_Mod
2 3.2 ft 3.7ft 3.7 ft 1.3ft
3 4.6 ft 53 ft 5.8 ft 5.0 ft
4 4.2 ft 55 ft 5.6 ft 54 ft
5 4.8 ft 5.6 ft 5.4 ft 5.0 ft
6 6.6 ft 8.1ft 7.1 1t 6.4 ft
7 7.0 ft 8.7 ft 6.5 ft 6.2 ft
8 7.0 ft 8.2 ft 7.0 ft 6.3 ft
9 7.0 ft 7.3 ft 711t 6.4 ft
10 5.0 ft 5.0 ft 5.3 ft 4.7 ft
11 49 ft 4.7 ft 5.1ft 4.5 ft
12 4.8 ft 4.3 ft 5.0 ft 4.4 ft
13 4.7 ft 39ft 5.0 ft 4.3 ft
14 4.5 ft 3.8 ft 5.2 ft 45 ft
15 43 ft 371t 5.0 ft 4.6 ft
16 4.1 1t 3.7ft 3.8 ft 4.8 ft
17 3.6 ft 35 ft 2.6 ft 4.5 ft
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Figure A10. Scour results for Bridge BrM 013310 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNi

Table A9. Scour values for Bridge BrM 013310 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNiy

Pier BrM 1D- WSPRO 1D- Energy 2D- SA Connection 2D Terrain_Mod
2 4.13 ft 4.63 ft 1.97 ft 1.12 ft
3 4.95 ft 5.64 ft 4.59 ft 4.76 ft
4 5.09 ft 5.84 ft 5.02 ft 5.02 ft
5 5.15 ft 6.00 ft 4.59 ft 4.72 ft
6 7.32 ft 8.66 ft 5.77 ft 5.97 ft
7 7.51ft 9.22 ft 5.58 ft 5.81 ft
8 7.45 ft 8.79 ft 6.04 ft 5.91 ft
9 7.45 ft 7.91ft 6.10 ft 6.10 ft
10 5.35 ft 5.41 ft 4.36 ft 4.53 ft
11 5.25 ft 5.05 ft 4.49 ft 4.36 ft
12 5.22 ft 4.72 ft 4.49 ft 4.23 ft
13 5.09 ft 4.40 ft 4.36 ft 4.13 ft
14 4.89 ft 4.27 ft 4.56 ft 4.30 ft
15 4.76 ft 4.20 ft 4.30 ft 4.40 ft
16 4.59 ft 4.20 ft 3.64 ft 4.63 ft
17 4.13 ft 3.97 ft 2.20 ft 4.17 ft
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Figure A11. Scour results for Bridge BrM 007070 using HEC-18. Different Bridge modeling
approaches. Peak Flow RRE

Table A10. Scour values for Bridge BrM 007070 using HEC-18. Different Bridge modeling
approaches. Peak Flow RRE

Pier BrM 1D- WSPRO 1D- Energy 2D- SA Connection 2D Terrain_Mod

2 3.6 ft 3.9 ft 45 ft 4.2 ft

2.1 3.6 ft 3.9 ft 4.4 ft 4.2 ft

3 3.8 ft 4.1t 5.5 ft 4.6 ft

3.1 3.8 ft 4.1t 5.5 ft 5.3 ft
3.9 ft 4.2 ft 5.5 ft 5.2 ft

5 3.8 ft 4.2 ft 5.5 ft 5.4 ft

6 3.8 ft 4.1t 4.8 ft 5.8 ft

144



3.00
3.50
= XX
= x ¥ x X
£ X 4.00
Q.
[
[
5 W 450
§ ]
- AA
5.00
4 ] ] ]
. 5.50
A A A
6.00
PIER No

A 2D_Terrain_Mod B 2D- SA Connection © 1D- Energy X 1D- WSPRO

Figure A12.Scour results for Bridge BrM 007070 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNy

Table A 11. Scour values for Bridge BrM 007070 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNy

Pier BrM 1D- WSPRO 1D- Energy 2D- SA Connection 2D_Terrain_Mod

2 3.7 3.7 4.5 4.8
2.1 3.7 3.7 4.5 4.9
3 3.8 3.8 5.4 5.8
3.1 3.8 3.8 5.4 5.8

3.9 3.9 5.4 5.8
5 3.9 3.9 5.4 5.8
6 3.8 3.8 4.9 5.2
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Figure A13. Scour results for Bridge BrM 007070 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNiy

Table A12. Scour values for Bridge BrM 007070 using HEC-18. Different Bridge modeling
approaches. Peak Flow CNi

Method | 1D- WSPRO | 1D- Energy 2D- SA Connection | 2D Terrain_Mod
2 411t 4.1ft 6.0 ft 6.5 ft
2.1 4.2 ft 4.2 ft 6.1 ft 6.1 ft
3 4.2 ft 4.2 ft 6.1 ft 6.0 ft
3.1 4.1t 4.1 ft 6.1 ft 5.8 ft
4 4.1 ft 4.1 ft 6.1 ft 5.8 ft
5 4.0 ft 3.9 ft 5.7ft 4.8 ft
6 4.0 ft 3.9 ft 5.4 ft 4.9 ft
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7.3 Example of pier scour calculations using OMS for the Bridge 0133310

Step 1: Determine Zmo using BrM (Figure C1)

________
_______________
5 5 & & § 2

mmmmmm

2 & £ § £ £ ¥ £ § &

< & & & & & & & & &

PIER 8
PIER 7

— 1984 Original Ground (LT) = 02/21 Sounding (153799 ftLT) | pile

Figure C1. Souhding profile in BrM (Bridge BrM 015002)

En la Figure C1 se observa que la pila No 9 presenta una diferencia entre el terreno original
y el terreno del Gltimo sondeo correspondiente a 5 ft. Este valor es escogido como valor de

Zino.
Step 2: Determine de Recurrence Interval (RI)

To determine the recurrence interval (RI) was used the software TAMU Flood (Briaud et
al, 2011), based on nearby stream gauges and rain gages. shows the input parameters for

the software and Figure 3 illustrates the obtained values.
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Select the unt of coordinate g ~
Decimals (.9 -07.3456) -86.107317 N | 31719538
jnspection Period Study Extent
Since bridge was built e 30069  Rese
88472 Set -84 8935
S 302181
Flood Frequency Analysis Method

Log-Pearson Type il - MOM (USGS Custom)

Output Format
Rainfall e
(1 ll l'lltl() l] \;I::::I rainfall map for each year I
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$ l Start Analysis 1
Output

Recurrence Interval of the Future Scour Depth Considered 100

‘/Tn() —
Obtain S - Maximum RI of the 36

bridge(Year)
” Caiculate Future Scour Depth

fut 1.07 <VfutVmo< 1.12

Figure C2. Input values in Tamu Flood (Briaud et. al, 2011)

The recurrence interval calculated was 36 years for the analyzed bridge.

Step 3: Obtain the ratio Qmo/Q fut as a function of the recurrence interval.

V.
1.07 < 22 < 1.12
Vfut

1/4 2/5
<gm"> = 1.07 (g’”“) =112
fut fut
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Step 4: Future scour estimate

[& GUI_Zfutzmo - X

Shgg A: Zfut/Zmo Estimation

ZfutiZmo Estimation Process.

Scour Type | Abutment v V
fut
3 Zeut = Zmo -
Category lor il v fut mo V
T hyd 25 v mo
o 25
=
N o 0.1m-1.0m ~
=
N ol Viut/vmo w07 - 112
min max
| Get ZutZmo :
151
Estimated Zfut/ Zmo is qu_t

1.08 <ziuvzmo< 1.14
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Step B: Future Scour Depth (Zfut) Estimation

Step1 Step2 Step 3 Step 4
The estimated ZfutZmo is . Would you consider infiling? VWhat is your observed scour depth (Zmo}? Futre Scour Depth (Zfut) is.
1
108 - 114 | Ove i _ ft —
@ No

Figure C3. Future scour depth using Tamu Flood (Briaud et. al, 2011)

The obtained value for the future scour (Zmo) corresponds to a value between 5.4 and 5.7 ft.

149



