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Abstract 

Pile dikes in the Columbia River are approaching the end of their expected 
service life. Two replacement options have been suggested: similarly 
shaped pile dikes and conventional rock dikes. A three-dimensional 
numerical model study has been conducted to provide flow information to 
support a decision between the two replacement options. This study 
focuses on the Cottonwood Island site on the Columbia River. The primary 
interest is determining the potential navigation impacts of changing from 
the pile dikes to the conventional rock dikes. The results of this model will 
also be used to study the secondary interests of effects to fish habitat and 
the possible operation concerns of scour potential and sediment 
deposition between the dikes. This report contains a discussion of the 
geometry and computational mesh development and flow solver used. The 
flow solutions are presented as contour plots in multiple areas of the flow 
domain. General trends among the flow solutions between the two types of 
dikes are evaluated and discussed. 

 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

1.1 Background 

The U.S. Army Corps of Engineers (USACE), Portland District (NWP), is 
responsible for the operation and maintenance of a system of 233 pile 
dikes that extend from the mouth of the Columbia River to Bonneville 
Dam (AECOM 2011). The current pile dikes are constructed of timbers 
that are driven vertically into an enrockment base that keeps the piles in 
place. Figure 1 shows the basic construction of a pile dike on the Columbia 
River. 

Figure 1. Basic construction of a pile dike on the Columbia River (USACE NWP, n.d.). 

 

The pile dikes on the Columbia River were constructed between 1885 and 
1969 (AECOM 2011). They have become deteriorated (Figure 2) and 
damaged (Figure 3). Questions have arisen concerning the best options for 
replacing the existing pile dikes. Two options have been proposed: 
replacement with similarly shaped piles or replacement with conventional 
rock dikes. The similarly shaped pile dikes are expected to perform in the 
same manner as the existing piles, but the construction of the pile dikes 
would require significant fabrication and installation costs. The 
conventional rock dikes have unknown performance but have lower 
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expected construction and installation costs, and the construction 
materials would be provided by sources close to the dike locations. 

Figure 2. Deteriorated pile dike, Columbia River (USACE NWP, n.d.). 

 

Figure 3. Pile dike with a missing section, Columbia River (USACE NWP, n.d.). 

 

Two sites are included this study: Cottonwood Island and Sand Island. The 
location of these sites is shown in Figure 4. Cottonwood Island is an inland 
site that is subjected to riverine flows while Sand Island is a coastal site 
that is subjected to estuarine flows. (Additional details on these sites can 
be found in the major maintenance report [AECOM 2011]). 
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Figure 4. Location of Cottonwood Island and Sand Island sites. 

 

1.2 Objectives 

The focus of this study is the effect that proposed rock dikes would have on 
the flows in the navigation channel. Areas between the dikes that are habitat 
for fish species and sediment deposition/scour would also be analyzed.  

This project is a numerical model study associated with the hydraulic 
evaluation of the flow behavior for the pile and rock dike designs and the 
potential impacts to navigation of each type. The numerical modeling 
process includes the following: 
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• development of the three-dimensional (3D) geometry for each type of 
dike and the corresponding flow conditions  

• development of the computational meshes for each model and flow 
condition 

• completion of the numerical simulations to produce the required flow 
solution 

• post-processing the flow solutions to present the information necessary 
to determine which dike design (pile or rock dikes) deflects fluvial/tidal 
energy from the bank line to the navigation channel. 

This report includes a thorough discussion of each aspect of the numerical 
modeling process and provides the necessary results to support a decision 
based on the hydraulic impacts of the proposed rock dikes. Information 
about the flow behavior caused by each dike type is included to aid in 
evaluation and comparison. The flow behavior does not necessarily affect 
the navigation but will provide insight into the scour potential near the 
dikes as well as the impacts to the habitat of aquatic species that are 
present near the dikes.  

1.3 Approach 

To address the question regarding the performance of the rock dikes, NWP 
contacted the U.S. Army Engineer Research and Development Center 
(ERDC) to conduct a 3D numerical model study of the hydraulic 
performance of the existing pile dikes and the proposed rock dike 
geometry. The pile dike models served as a baseline to which the rock dike 
simulations can be compared. The flow calculations will include the non-
hydrostatic flow behavior near the dikes that has not been included in any 
previous model work of the dikes along the Columbia River. 
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2 Modeling Process 

Vertical acceleration of the flow can be significant very near dikes. 
Predicting flow near dikes requires a tool capable of accurately calculating 
the flow acceleration in all three spatial dimensions. A 3D Navier-Stokes 
(non-hydrostatic) numerical flow solver is an appropriate tool for 
predicting the flows in this study. The ERDC 3D Reynolds-Averaged, 
Navier-Stokes module of the Adaptive Hydraulics (RANS-AdH) code has 
been used to model the complicated turbulent exchange near hydraulic 
structures whose near-field flows are similar to those of dikes. All modules 
of Adaptive Hydraulics (AdH) produce time-varying flow solutions. 
Steady-state solutions are obtained by simulating flow through time until 
the dynamic variation in the flow field ceases.  

2.1 Governing equations 

The Reynolds-Averaged Navier-Stokes (RANS) equations are employed 
to model the flow field approaching, interacting with, and passing by 
hydraulic structures. The RANS equations are 3D with 4 degrees of 
freedom: the pressure and the three components of fluid velocity. These 
equations make no assumptions about pressure distributions. Since 
many hydraulic flow models assume the flow is hydrostatic, RANS 
models are referred to as non-hydrostatic models. 

The RANS equations are derived from the conservation of mass and 
conservation of momentum applied to fluid flow by decomposing the 
instantaneous flow velocity into a mean component, U, and a fluctuating 
component, u, and averaging these equations over time periods that are 
long when compared to the periods of the fluctuations. Mathematically, 
the conservation of mass for an incompressible fluid is described as 

 ∇ ∙ 𝑼𝑼 = 0 (1) 

and the conservation of momentum is given as 

 𝜌𝜌 �𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑼𝑼 ∙ ∇𝑼𝑼� − ∇ ∙ 𝜎𝜎 + ∇ ∙ (𝜌𝜌𝒖𝒖𝒖𝒖) = 0 (2) 

where:    
 t = time 
 ρ = fluid density   
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 σ = the total stress (𝜎𝜎 = −𝑝𝑝𝑰𝑰 + 𝜏𝜏) 
 I = the identity matrix 
 τ = the stress tensor (𝜏𝜏 = 2𝜇𝜇𝜞𝜞) 

 Г = the rate of strain tensor �𝜞𝜞 = 𝟏𝟏
𝟐𝟐

(∇𝒖𝒖 + ∇𝒖𝒖𝑻𝑻)�  

 µ = the fluid viscosity 

The RANS equations are written in terms of the mean velocity, U(x, t) and 
pressure p(x, t) to reduce the modeling of turbulence to a set of quasi-
steady-state equations that incorporate terms to model the effects of 
turbulence on the main flow. In a RANS approach, the term ∇ ∙ (𝜌𝜌𝒖𝒖𝒖𝒖) is 
used to represent the effect of turbulence on the mean flow.  

Following the suggestion of Boussinesq, an eddy viscosity is added to the 
molecular viscosity in the momentum equations to account for the effects 
of turbulence. A constant eddy viscosity model (throughout the flow 
domain) was used to replicate the turbulent effects. The eddy viscosity 
value was reduced until the velocity magnitudes no longer changed with 
decreasing values of the eddy viscosity. This threshold value of eddy 
viscosity was used for all simulations. 

The flow resistance due to the boundaries of the flow domain is included 
in the flow domain through the skin roughness coefficient. The boundary 
layer is not modeled directly, but the wall effects are modeled using the 
law of the wall. 

 𝑢𝑢 = 𝑢𝑢𝜏𝜏
𝜅𝜅

ln 𝑦𝑦
𝑦𝑦0

 (3) 

where: 

 u = velocity parallel to the boundary 
 uτ = friction velocity (also referred to as the shear velocity) 
 κ = von Kármán constant 
 y = distance normal to the boundary 
 y0 = roughness height. 

AdH uses an automatic mesh adaptation scheme to ensure that the flow 
solution is independent of the mesh. This mesh is controlled through two 
parameters: a mesh refinement tolerance and a maximum number of 
mesh refinement levels. During each flow calculation, AdH calculates a 
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residual value that is used to estimate the error in the computational 
solution. This residual combines the flow information (pressure, velocity, 
etc.) into a single parameter, which reduces the amount of information 
that must be considered when determining the threshold values at which 
to adapt the mesh. A useful aspect of this mesh adaptation technique is the 
versatility of the parameters used to control adaptation, which are relevant 
for any flow situation. Appropriate choices for a refinement tolerance and 
the maximum number of levels of mesh refinement do not require 
extremely detailed insights into the flow situation. 

The refinement tolerance, which the user specifies during the simulation 
setup process, is the value of this residual above which AdH will refine a 
mesh element. The mesh adaptation scheme used in RANS-AdH is the 
same adaptation technique used in the shallow-water modules of AdH 
(SW2-AdH and SW3-AdH-SW3). (More information on the mesh 
adaptation scheme used in RANS-AdH can be found at 
https://chl.erdc.dren.mil/chladh.) 

2.2 Modeling procedure 

Before the equations of motion can be applied, the domain must be 
discretized into numerical elements. This process includes the 
construction of a 3D computer aided drafting (CAD) representation of the 
flow boundaries including the geometric features of the hydraulic 
structure, the bathymetry of the river bed including the dikes, and the 
water surface. The CAD model is then used as input for a mesh generator. 
ICEM-CFD was selected as the mesh generator for this project.  

A computational mesh is constructed to fill the volume enclosed by the 
CAD model surfaces. For any AdH simulation, the computational mesh 
must only sufficiently describe the boundaries of the flow domain because 
automatic mesh refinement that occurs during an AdH simulation ensures 
that the flow features interior to the domain are reproduced correctly. The 
mesh of the CAD volume is composed of many volume elements. The faces 
of these volume elements form the channel boundaries, the water surface 
boundary, and the flux (inflow and outflow) boundaries. These boundaries 
are based on the areas of interest in the study and the information 
available. Boundary conditions, such as velocity, discharge, and pressure 
information, are applied on element faces and their corresponding nodes, 
so a particular solution to the governing partial differential (RANS) 
equations can be calculated.  

https://chl.erdc.dren.mil/chladh
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The AdH modeling procedure of automatic mesh adaptation ensures a 
mesh-independent fl0w solution. The maximum number of refinement 
iterations should be high enough that the residual value after adaptation is 
below the refinement tolerance. This must occur before the maximum 
number of adaptation levels has been reached. Setting up mesh adaptation 
for a simulation requires the residual information from the initial/coarse 
mesh. Once a simulation has been completed on the initial mesh, the user 
must select a value of refinement tolerance, and the maximum number of 
refinement levels, to begin the mesh adaptation. During the adaptation 
simulation, AdH identifies elements with residual values that exceed the 
refinement tolerance. These elements will then be refined. Once refined, 
the flow solution and a new residual value is calculated. The new residual 
is compared to the refinement tolerance determining if a further level of 
adaptation is required. This process is repeated until either the residual 
value everywhere in the mesh is below the refinement tolerance or the 
maximum number of levels of refinement has been reached.  

AdH simulations advance through time. The amount of simulated time 
needed depends upon flow behavior and information needed from the 
simulation. For this study, steady-state behavior of the flows near the 
dikes is needed to determine what effects the dikes have on navigation. 
Therefore, all simulations in this study were run to a steady-state solution.  
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3 Geometry and Computational Modeling 

Before modeling, a representation of the relevant geometry must be 
created. For a hydraulic model, the relevant geometry is the flow domain, 
and for the numerical model, the flow domain is some form of CAD file. 
Since this study is composed of 3D numerical simulations, a CAD file with 
surfaces that fully enclose the volume of the flow domain is required. Once 
that CAD representation has been developed, the volume of the flow 
domain must be discretized into a computational mesh for the 
simulations. This chapter is a discussion of the development of the flow 
domain geometry and the computational meshing effort.  

3.1 Flow domain 

The computational flow domain for each of the RANS-AdH simulations 
in this study includes the bathymetry, the flux boundaries, the dike 
geometry, the water surface, and the vertical northern and southern 
boundaries. NWP provided the mesh and flow solution files from a 
previously-completed two-dimensional (2D) Shallow Water Adaptive 
Hydraulics (SW2-AdH) study of an area that included the vicinity of 
Cottonwood Island (Alden 2016). Those files included information that 
was used to create the computation flow domain for the RANS-AdH 
simulations. 

3.1.1 Flow domain extents (planwise) 

The extents of the flow domain are based on three main criteria:  

• which dikes are included for the results needed  
• the direction of flow from the SW2-AdH solution 
• constraints related to the size of the computational mesh created from 

the flow domain.  

ERDC and NWP selected a four-dike section of the Columbia River for the 
RANS-AdH flow domain. This section, located immediately south of 
Cottonwood Island and includes Dikes 70.35, 70.07, 69.79, and 69.51, is 
shown in orange in Figure 5.  
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Figure 5. Dikes located to the south of Cottonwood Island.  

 

The Cottonwood Island site experiences riverine flows, and flow directions 
indicated by the SW2-AdH simulation (Figure 6) are very similar for the 
three discharges chosen for this study. Because all three flows are 
generally parallel to the channel direction, the flow domain boundary 
locations are appropriately located.  
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Figure 6. Figures of Cottonwood Island SW2-Adh flow solutions.  

 

For a RANS-AdH simulation, the number of elements required to 
sufficiently refine the mesh is higher than with a SW2-AdH model. This 
relationship is generally true between a 2D shallow water model and a 3D-
RANS model. The 3D-RANS models are employed to provide more 
detailed flow information than the 2D models. This increased mesh size is 
due to having to mesh in the vertical and because of the level of detail of 
the geometric features (typically hydraulic structures) in the flow domain. 
To ensure computationally viable meshes, the area covered by the RANS-
AdH models for this study has a much smaller footprint than that used for 
the SW2-AdH study.  

The RANS-AdH and SW2-AdH flow domain extents are shown in Figure 7 
to highlight the relative difference in the areas included in each model. 
Along the Columbia River, the SW2-AdH model extends approximately 
37,000 feet (ft) from inflow to outflow boundary. The RANS-AdH model 
extends 6,000 ft from inflow to outflow and approximately 2,500 ft across 
the Columbia River. 
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Figure 7. Cottonwood Island flow domain extents – 
SW2-AdH and RANS-AdH. 

 

3.1.2 Flux boundaries 

The RANS-AdH simulation flow domain consists of two flux boundaries: an 
upstream inflow and a downstream outflow boundary. The inflow boundary 
is located on the upstream end of the flow domain approximately halfway 
between Dikes 70.35 and 70.77. The outflow boundary is placed halfway 
between Dikes 69.51 and 69.25. These boundaries are positioned normal to 
the flow direction calculated in the SW2-AdH study, and each boundary 
extends vertically through the water column. The inflow and outflow 
boundaries are shown in Figure 8.  
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Figure 8. Inflow and outflow boundaries of RANS-AdH simulations. 

 

3.1.3 Bathymetry and dike geometry 

The mesh from the SW2-AdH simulation constitutes the bathymetry 
(excluding the dikes) for each of the RANS-AdH simulations. Since SW2-
AdH simulations do not include the pile or rock dike geometries, each of 
these geometries had to be created for the RANS-AdH mesh. Information 
on the dike geometries was limited to elevation drawings and schematics 
of the pile and rock dike cross sections. Figure 9 shows the schematic 
used to build the pile and rock dike geometry. The rock dike base is taller 
and broader than the pile dike base. Also, the sides of the rock dike base 
have a lower grade than the pile dike bases.  
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Figure 9. Schematic used to create rock dike geometry (USACE NWP 2015). 

 

CAD surfaces were generated from the information provided and 
incorporated into the bathymetric surfaces created from the SW2-AdH 
meshes. Cross sections of Dike 69.79 (both across and along the dike), for 
both dike types were created from the provided dike geometry information, 
are shown in Figure 10. (Note that the elevations shown in Figure 9 are not 
for the Cottonwood Island site. The Cottonwood Island elevations will not 
match those shown in Figure 10.) The location of each cross section is 
shown in Figure 11. Each pile dike contains two rows of 1.5 ft diameter piles 
at a 2.5 ft spacing (center-to-center). The mesh geometry for pile Dike 69.79 
and for rock Dike 69.79 is shown in Figure 12 and Figure 13, respectively. 

Figure 10. Dike 69.79 cross sections. 
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Figure 11. Locations of cross sections shown for Dike 69.79 base comparison. 
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Figure 12. Pile dike geometry for Dike 69.79. 
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Figure 13. Rock dike geometry for Dike 69.79. 

 

Although the total surface area that the piles account for in the pile dike 
surface area is less than 1% of the entire surface mesh area, the percentage 
of the surface mesh elements that the piles account for is much larger 
(37% of the mesh). Adequately resolving the surfaces of the piles requires 
relatively small elements, which significantly (perhaps prohibitively) 
increases the number of nodes and elements in each pile dike mesh. Prior 
to the completion of the pile dike meshes, a small study was conducted to 
determine if the piles could be combined into a simpler representation 
without changing the flow behavior in areas of interest. Combining the 
piles reduces the total number of nodes and elements required to 
reproduce the pile surfaces, which in turn reduces the computational 
resources required to generate the flow solution. This effort showed that 
combining the piles in the manner chosen significantly affects the flow 
field in the area of interest, so individual pile geometries were used for all 
the simulations. Further details of the dike combination effort are 
discussed in in Appendix B: Feasibility of Combining Piles. 
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3.1.4 Water surface 

For each flow domain, the top surface is comprised of the same node 
coordinates and connectivity as the mesh in the SW2-AdH study with one 
modification. At each node in the flow domain, the SW2-AdH flow depth 
has been added to the bathymetric elevation to provide the water surface 
elevation. The surfaces for each of the RANS-AdH discharges have been 
created using this method. 

3.1.5 Northern and southern boundaries  

SW2-AdH can perform simulations where the bank line location is not 
static because it has element wetting-and-drying calculation capabilities 
that allow for three types of elements: always submerged, always dry, and 
those that can be either wet or dry depending on the flow conditions. 
RANS-AdH does not have wetting-and-drying capabilities, so the flow 
domain is restricted to only areas that will remain submerged throughout 
the simulation. For this reason, the flow domain does not extend to the 
actual bank line, and artificial sides extending vertically from the water 
surface to the bathymetric surface fully enclose the flow domain for RANS-
AdH on the northern and southern sides of the flow domain. These sides 
are referred to as the northern and southern model boundaries. These 
boundaries are treated as frictionless boundaries in the simulations. The 
friction losses of the shallow regions beyond the northern and southern 
boundaries have been taken into account by using the flow velocities of the 
inflow boundary from the SW2-AdH flow domain that includes those 
shallow region friction effects up to the bank line.  

The northern and southern boundaries of the RANS-AdH model coincide 
with streamlines of the SW2-AdH flow solution. This boundary location is 
appropriate because there is no flow though the side boundaries of the 
RANS-AdH flow domain, and by definition, there is no flow across a 
streamline. Placing boundaries along streamlines ensures that the location 
of the flow domain northern and southern boundaries has an insignificant 
effect on the flow solution. The location of the northern and southern 
boundaries is chosen by considering two different aspects of the model 
study and modeling process: the information that is sought from the flow 
solution and how much the element and node count of the mesh is 
increased by the placement of these boundaries. 
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The primary focus of this modeling effort is to determine the effects that 
replacing the pile dikes with conventional rock dikes will have on 
navigation near the Cottonwood Island. The navigation channel of the 
Columbia River near Cottonwood Island (Figure 14) is located close to the 
northern shore (the dike side) just off the river-side end of the dikes. Since 
the primary area of interest of the model study is far from the channel-end 
of the dikes, the location of the northern and southern boundaries will not 
have a strong impact on the flow solution. A secondary interest for these 
models is flow behavior between the dikes for potential fish habitat. For 
the fish habitat concern, the northern and southern boundaries are located 
in shallow areas (5 ft depth) near the bank line. Otherwise placement in 
these areas would not be necessary.  

Figure 14. Main navigation channel for near Cottonwood Island. 

 

The second consideration when choosing the location of the northern and 
southern boundaries is how efficiently the domain can be meshed. For any 
numerical model, the quality of the mesh determines how quickly the 
solver can perform the required calculations to get the solution. The 
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quality of the mesh depends on the shape of the elements. For an efficient 
model all of these factors must be considered when deciding upon the flow 
domain.  

The element quality is quantified by several different techniques; one is 
the aspect ratio of the elements. For RANS-AdH simulations, all elements 
are tetrahedra, and the aspect ratio can be thought of as the cube root of 
the volume of the element. Elements with an aspect ratio close to 1 
produce the best flow solutions. Ensuring that the elements in shallow 
areas have sufficiently low aspect ratios requires smaller mesh elements — 
much smaller than is required to for the deep areas. Such resolution 
increases the total mesh size dramatically, so limiting the amount of 
shallow areas in the flow domain is critical to maintaining computationally 
viable mesh size and quality.  

After discussing considerations for the flow domain near the northern and 
southern shores of the Columbia River, ERDC and NWP agreed to place 
the northern and southern boundaries of the flow domain at the 5 ft depth 
on the northern boundary for each RANS-AdH simulation. These 
boundaries are located along the streamline in the SW2-AdH flow solution 
(for each flow situation) passing through the 5 ft depth point near the 
north bank line of the Columbia River at the inflow boundary location.  

For all meshes used in this study, the southern boundary location 
corresponds to a streamline that begins at the inflow boundary at a 
location near the left bank line with a depth-averaged velocity of 2.5 feet 
per second (ft/s). Using the velocities and depths at multiple locations 
along the inflow boundary and the streamlines beginning at those 
locations, the discharge and the size of the shallow area being removed 
along the southern boundary was calculated. This location only reduces 
the discharge through the flow domain by 5% but significantly reduces 
the number of nodes and elements required by eliminating much of the 
shallow areas around the southern boundary. Since the flow behavior is 
different for each condition and the north and south boundaries are 
shaped by streamlines, the north and south boundaries are unique for 
each of the three RANS-AdH flow conditions.  

The northern and southern boundaries of the Cottonwood Island flow 
domain for one discharge are shown in Figure 15. The northern boundary 
aligned with the 5 ft depth streamline is shown in blue, and the 2.5 ft/s 
velocity boundary is shown in yellow.  
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Figure 15. Northern and southern boundaries for 3D flow solution.  

 

3.1.6 Total flow domain summary 

Previous sections include a detailed description of each part of 
Cottonwood Island’s flow domain. It consists of a bottom (the bathymetry 
and the dike geometries), two flux boundaries (the upstream inflow 
boundary and the downstream outflow boundary), and two side 
boundaries (one along the northern bank line of the Columbia River and 
one along the southern bank line). The surfaces of the flow domain are 
shown in Figure 16. In the top image, the water surface has been removed 
to reveal the bathymetry and dike surfaces. In the bottom image, the water 
surface has been included. The elevations are in North American Vertical 
Datum of 1988 (NAVD88) for the entire domain and around Dike 69.79 
are shown in Figure 17 and Figure 18, respectively. 
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Figure 16. Cottonwood Island flow domain surfaces.  
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Figure 17. Flow domain elevations. 
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Figure 18. Flow domain elevations - Dike 69.79. 
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3.2 Computational meshing  

During mesh creation for a RANS-AdH simulation, the intent is to model 
the geometry of the boundary faces and have a sufficient amount of 
resolution to get a reasonable flow solution. A mesh that meets these criteria 
is sufficient because the automatic-adaptation of RANS-AdH refines the 
mesh to more accurately calculate the details of the flow throughout the 
simulation. Resolving the initial mesh any further to ensure accurate 
hydraulic calculations is unnecessary.  

3.2.1 General meshing challenges 

A challenge of this study was creating meshes that captured the geometric 
detail in the flow domain without it being prohibitively large. Currently, 
RANS-AdH simulations require tetrahedral element meshes. As stated 
earlier, tetrahedral elements must have a low aspect-ratio to ensure that 
their quality is high enough to produce accurate flow solutions. Balancing 
those two requirements was key to the completion of this study. 

The Cottonwood Island flow domains are large compared to those of most 
RANS-AdH model studies. The degree to which the elevation varied 
throughout the flow domain in this model is also more than most other 
models. The flow domain varies from approximately 80 ft deep; elevation 
(el.) -60, NAVD88, to 5 ft deep; el. 10, NAVD88, near the dikes. The area 
of the flow domain that is considered shallow (10 ft deep or less) is very 
large. This depth variation is shown in Figure 17 through Figure 21. The 
bed elevation contours are shown in Figure 17 and Figure 18. Figure 19 
shows the location of two cross-sectional slices through the Cottonwood 
Island flow domain — one slice along Dike 70.07, the other between Dikes 
70.07 and Dike 69.79. The cross sections for these slices are shown in 
Figure 20 and Figure 21. These two cross sections show the extent of 
shallow areas in the flow domain.  

A sufficient number of elements must be used to define the flow domain 
properly. Small elements are used in areas less than 10 ft deep; however, 
larger elements are used in areas deeper than 10 ft. This element sizing 
reduces the number of elements in the mesh as a whole while the flow 
domain details are fully represented. This sizing also makes the mesh 
more computationally efficient.  
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The pile dike geometries present a further challenge because the piles are 
very small compared to the flow domain as a whole. The small pile 
diameters require small elements be used to reproduce the geometry in 
these areas; the number of piles significantly increase the mesh size. 

Figure 19. Cottonwood Island locations of vertical slices showing elevation. 
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Figure 20. Cottonwood Island vertical slice along Pile Dike 70.07 center. 

 

Figure 21. Cottonwood Island vertical slice between Pile Dike 70.07 and 69.79. 
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3.2.2 Meshing procedure 

To address the depth varying significantly laterally across the channel 
coupled with the large shallow areas, the bathymetry is divided into three 
sections based on flow depth. These divisions allow for the use of element 
size controls in the deep, intermediate, and shallow areas of the flow 
domain. These divisions correspond to the deep navigation channel area, 
the shallow areas along the northern bank line, and the intermediate 
regions that fall between the deep and shallow areas. Separating these 
sections allows for smaller elements in the shallow regions near the 
northern boundary of the flow domain and larger elements in the 
navigation channel helping to optimize the mesh. These sections are 
shown in Figure 22. The navigation channel (deep) area, the shallow area 
and the intermediate regions are shown in red, blue, and yellow, 
respectively.  

Figure 22. Dike area material division used for meshing.  
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The surface meshes for one of the pile dike simulations and for one of the 
rock dike simulations are shown in Figure 23 and Figure 24. In each of 
these figures, the left column of images shows the bottom surface 
geometry for different areas of the mesh, and the right column of images 
shows the corresponding surface mesh resolution. Starting with the top 
left and moving down the left column, each image shows a closer view of 
the geometry. Directly across from each geometry picture is an image of 
the corresponding surface mesh. Surface elements in the navigation 
channel have sides that are approximately 20 ft long. In the shallow 
areas, away from the dikes, the element side lengths are approximately 
2 ft long. Between the navigation channel and shallow sections, the 
element side lengths transition from 1.5 ft to 5 ft long. For pile dike 
simulations, the elements on the piles have sides that are 4 in. long, and 
the top of the dike foundation has element sides that are 8 in. long. The 
sides of the pile dike foundations have elements with sides that transition 
from 8 in. long at the top to 3.25 ft long at the bottom. On the rock dike 
simulations, the sides of the dike foundations have elements with sides 
that are approximately 3.25 ft long. 
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Figure 23. Pile dike surface mesh resolution. 
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Figure 24. Rock dike surface mesh resolution. 
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With this type of resolution for the elements, the meshes are quite large, 
but they remain computationally viable and calculate steady-state flow 
solutions within a reasonable amount of time (~1 day of computational 
time). The pile dike meshes have approximately 10.5 million tetrahedral 
volume elements and 2 million nodes. The rock dike meshes have 
approximately 5 million elements and 1 million nodes. The node and 
surface element breakdown for the four-dike model, pile dike domain high 
discharge mesh is listed in Table 1. The total surface area of the flow 
domain bathymetry and dikes is approximately 11 million ft2 and is divided 
into six sub-domains (Figure 25). The piles comprise less than 1% of the 
dike/bathymetry surface area but make up 37% of the dike/bathymetry 
surface element count. Similarly, the shallow northern bank line area is 
just 4% of the dike/bathymetry surface area but forms 35% of the 
dike/bathymetry surface element count. Together these two areas 
comprise 72% of the element count while forming less than 5% of the 
dike/bathymetry surface area in the flow domain.  

The node and surface element breakdown for the four-dike model, rock dike 
domain high-discharge mesh is listed in Table 2. The surface area/surface 
element count relationship for the rock dike meshes (Figure 26) is similar to 
that of the pile dike meshes. The navigation channel and other deep 
bathymetry comprise 25% and 68%, respectively, of the dike/bathymetry 
surface area but only comprise 11% and 31%, respectively, of the 
dike/bathymetry surface element count. The shallow northern bank line 
and intermediate northern shore areas form 4% and 3% of the dike/ 
bathymetry surface area but comprise 27% and 21% of the dike/bathymetry 
surface element count. Together these two areas comprise 48% of the 
element count while forming only 7% of the dike/bathymetry surface area in 
the flow domain. 

Note that the element count for the rock dikes is approximately half that of 
the pile dikes even though the surface areas are approximately the same. 
This indicates how much resolution the piles added to the entire mesh. 
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Table 1. Element count versus area for pile dike mesh. 

Geometry Surface Area (ft2) 
Surface Element 
Count for Section 

Amount of Total 
Mesh Surface  
Area (%) 

Amount of Total 
Mesh Surface 
Element Count (%) 

Piles 51,650 297,588 <1 37 

Pile Dike Base 90,612 50,731 <1 6 

Shallow Northern 
Shore Area 598,662 278,439 4 35 

Intermediate Northern 
Shore Area 408,412 63,748 3 8 

Navigation Channel 4,118,200 27,762 25 3 

Non-Navigation 
Channel Deep 
Bathymetry 11,021,358 87,108 68 11 

Total Dike/bathymetry 16,288,895 805,376 100 100 

Table 2. Element count versus area for rock dike mesh. 

Geometry Surface Area (ft2) 
Surface Element 
Count for Section 

Amount of Total  
Mesh Surface  
Area (%) 

Amount of Total 
Mesh Surface 
Element Count (%) 

Rock Dike Base 168,224 51,054 1 10 

Shallow Northern 
Shore Area 598,662 135,602 4 27 

Intermediate Northern 
Shore Area 403,302 104,053 3 21 

Navigation Channel 4,118,200 54,485 25 11 

Non-Navigation 
Channel Deep 
Bathymetry 10,955,787 153,636 68 31 

Total Dike/bathymetry 16,244,194 498,830 100 100 
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Figure 25. Element count versus surface area for pile dike mesh. 
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Figure 26. Element count versus surface area for rock dike mesh. 
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3.3 Sand Island meshing attempt 

The Sand Island site presents similar but more extensive meshing 
challenges than the Cottonwood Island Site. The parameters and 
procedures from the Cottonwood Island meshing effort produce meshes 
for the Sand Island site that are orders of magnitude larger in both size 
and element/node count than those of the Cottonwood Island site meshes. 
Such meshes are time prohibitive with the computing power available. 
Differences in the size and shape of the flow area at the Sand Island site as 
well as the resulting flow behavior as indicated by the SW2-AdH 
simulation results (Savant and McAlpin 2014) mean that creating a flow 
domain and computational mesh for a RANS-AdH simulation of the Sand 
Island site is unfeasible. CHL and NWP agree that limitations in the 
available technology preclude any efforts to numerically model the flow 
behavior at the Sand Island site. A thorough discussion of the attempt at 
creating an appropriate flow domain and computational mesh is included 
in Appendix A: Sand Island Modeling. 
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4 Boundary Conditions and Simulation 
Procedure 

In this chapter, the boundary conditions, including the river discharges 
and wall friction values, are discussed. The flow domain for each 
simulation contains two flux boundaries — one inflow and one outflow. 
In addition, each flow domain consists of several non-flux boundaries 
that require wall friction values. General simulation setup and how 
automatic mesh adaptation was employed are also discussed. 

4.1 Boundary conditions 

This study is comprised of three pairs of simulations with different 
discharges. As determined by NWP, the three discharges are a high 
discharge (432,811 cubic feet per second [cfs]), a medium discharge 
(337,680 cfs), and a low discharge (291,881 cfs). Columbia River 
discharges measured over a 2-month period include the three discharges 
chosen for the RANS-AdH simulations are shown in Figure 27. The flow 
conditions for each of these discharges have been extracted from the SW2-
AdH flow solution to create the boundary conditions for the RANS-AdH 
simulations (ALDEN 2016).  

Figure 27. Cottonwood Island model discharges. 
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4.1.1 Inflow 

A velocity is assigned directly to each node on the inflow boundary. 
Velocities for the nodes on the inflow boundary of the RANS-AdH mesh 
have been interpolated from the SW2-AdH flow solution using the x- and 
y-coordinate of each node. Assigning these velocities at the inflow ensures 
that the appropriate total discharge is used for each simulation. 

4.1.2 Outflow 

A hydrostatic pressure boundary condition is applied to the nodes located 
on the outflow boundary. This assigns a pressure, according to the 
elevation, corresponding to a previously determined water surface 
location. The water surface elevation along the outflow boundary for these 
simulations is taken from the water surface of the SW2-AdH simulation 
results. The water surface location is set before the simulations. The nodes 
along the top of the outflow boundary are assigned with a zero gauge 
pressure, and the remaining nodes on the outflow boundary are assigned 
the corresponding hydrostatic pressures. Near the outflow boundary the 
flow field is predominately hydrostatic, but near the dikes the flow is non-
hydrostatic. To ensure that the assigned hydrostatic boundary condition at 
the outflow boundary does not unduly affect the flow near the dikes, the 
outflow boundary is located far from the dikes of interest. 

4.1.3 Water surface 

The water surface boundary is treated as a frictionless wall. This treatment 
is commonly referred to as fixed-lid. While the water surface is a free-
surface, using a free-surface simulation for a 3D RANS-AdH simulation is 
difficult and time and cost prohibitive. Comparisons were made of 
simulations for a single-dike domain (for both the pile and rock dikes) to 
determine the difference in the flow solution based on the different 
boundary condition treatments of the water surface (free-surface and 
fixed-lid). The maximum difference in the water surface elevation between 
the free-surface and fixed-lid simulations is approximately 0.3 ft. The 
velocities of the free-surface and fixed-lid simulations are very similar. 
Using the results of this comparison of the flow solutions, the fixed-lid 
water surface treatment was selected to complete the study. Thus, all four-
dike section simulations included in this report use fixed-lid simulations. 
A more-detailed description of the free-surface simulations with the 
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single-dike simulation modeling process and results is included in 
Appendix C: Free Surface vs. Fixed-Lid Water Surface Treatment. 

4.1.4 Other no flux boundaries 

The remaining surfaces bounding the flow domain are the bathymetry, the 
dike bases, the piles (pile dike simulations only), and the northern and 
southern boundaries. The northern and southern boundaries are treated as 
frictionless walls since they are not rough (they are boundaries through the 
water) and there is no flow through them. For these boundaries, wall 
boundary conditions with skin friction coefficients are assigned values 
corresponding to the Manning’s n values used in the SW2-AdH simulations. 
Since the piles are not directly included in the SW2-AdH simulations, a skin 
friction coefficient corresponding to the wood they are built from is used. 
The friction values used in all simulations are listed in Table 3.  

Table 3. Friction values used for each material. 

Material Manning’s n 

Dike base 0.045 

Piles 0.012 

Sides 0 

Channel bathymetry 0.025 

4.2 Simulation procedure summary 

The simulation procedure for all six four-dike simulations (three different 
discharges tested on both pile and rock dikes) follows the process 
described in Chapter 2. An eddy viscosity of 0.00001 ft2/s is used for the 
simulation results in this report. For all simulations, a refinement 
tolerance level between 0.04 and 0.05 and one level of adaptation are 
used. Because of the mesh size and the time required to reach a steady-
state condition, the results reported are steady-state behavior after mesh 
adaptation had been employed.  

The simulations for each discharge/dike type combination use 648 
processors located on the ERDC Department of Defense Supercomputing 
Resource Center machine Topaz. A total of 150 hours of computational 
time and 97,000 processor-hours computational power is needed to reach 
a final result for each simulation.  
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5 Numerical Model Results 

This chapter is divided into three separate subsections: the high discharge 
results, the medium discharge results, and the low discharge results. The 
figures in each of these sections are presented in the same order. The 
following section briefly describes what is shown in each of the presented 
figures. Further discussion for each different discharge can be found at the 
beginning of each subsection. Each set of simulation results is presented 
via multiple contour plots at different depths in the flow domain. 

The focus of the model results presented in this chapter is the velocity 
magnitude, V, which is defined as 

 
2 2 2V u v w= + +  (4) 

where:   

 u = x-component of flow velocity 
 v = y-component of flow velocity 
 w = z-component of flow velocity. 

Contour plots of the velocity magnitude with vectors indicating the flow 
direction are provided. Plots are also provided to show the difference 
between near-dike flow behavior for both pile dikes and rock dikes. Plots 
representative of the flow solutions are included and discussed in this 
chapter. Additional plots are included with a brief discussion in Appendix 
D: Additional Flow Solution Images.  

The flow solutions include the area from Dike 70.35 through Dike 69.51. 
Flow velocities upstream of the Dike 70.35 are disregarded because the 
inflow velocities were specified from the SW2-AdH study’s depth-averaged 
values, and the 3D flow behavior is not fully developed upstream of that 
dike. The flow solution near the inflow boundary is not representative of 
what would appear in the prototype, so flow velocities in the model 
upstream of Dike 70.35 are ignored. Similarly, the simulation cannot 
model flow obstructions that lie downstream of the outflow boundary, so 
the effects of those obstructions are not included. Therefore, the flow 
velocities in the model downstream of Dike 69.51 are also ignored.  



ERDC/CHL TR-19-3  41 

The figures of the flow results presented in the following sections are 
representative of the entire flow solution and give insights into the flow 
behavior caused by each type of dike to help determine if rock dikes can be 
used as an alternative to the pile dikes. A flow arrow is included in each 
figure to indicate the direction of the flow. For all figures except the last 
two figures in each subsection, the top image shows the pile dike results, 
and the bottom image has the rock dike results.  

The last two images in each subsection show the differences in velocity 
magnitudes between the pile and rock dike flow solutions. For these plots, 
the velocity magnitude at specific locations for the pile dike simulation has 
been subtracted from corresponding velocity magnitude for the rock dike 
simulation. Positive velocity magnitude differences indicate that the rock 
dikes yield higher velocity magnitudes at that location whereas negative 
velocity magnitude differences indicate that the pile dikes yield higher 
velocity magnitudes. To further highlight the differences in the velocity 
magnitudes between the pile and rock dikes, the areas where velocity 
magnitude differences are less than 0.5 ft/s are excluded from the plot. 
Therefore, the areas that remain colored are the areas that are most 
affected by the change from pile to rock dikes. In the discussion of each 
flow solution, the figures that have these small differences in velocity 
magnitudes removed are referred to as the extreme velocity magnitude 
difference plots. In those figures, the top image shows the velocity 
magnitude differences at the water surface while the bottom image shows 
the velocity magnitude differences at the bed. 

Figures showing how the flow varies in the planwise dimensions of the 
flow domain and figures that show the vertical variation of flow are 
included in each subsection. These vertical variations are indicated by 
showing flow velocities along five slices through the flow domain. These 
slices, which are located both along and between dikes, are shown in 
Figure 28. Supplemental figures of each flow simulation are available in 
Appendix D: Additional Flow Solution Images. 
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Figure 28. Cottonwood Island locations of vertical slices showing 
velocity magnitude. 

 

5.1 High discharge 

The results for the high-discharge (432,811 cfs) model are shown in Figure 
29 through Figure 40. The velocity magnitudes at the water surface for 
both the pile dike and rock dike simulations are shown in Figure 29 and 
Figure 30. Figure 29 includes the entire flow domain while Figure 30 
focuses on the area downstream of Dikes 70.35 and 70.07. The velocity 
magnitudes at the water surface in the deep parts of the flow domain 
downstream of Dike 70.35 are above 4.5 ft/s for the pile dikes and rock 
dikes. The most significant difference in the flow behavior at the water 
surface between the two types of dikes is between consecutive dikes. The 
pile dikes produce lower velocity magnitudes (0.5–1.5 ft/s) near the shore 
(along the northern boundary of the flow domain) than the rock dikes, 
which produce velocities up to 4.0 ft/s. These two flow behaviors are 
expected given the geometry of each dike. The piles for the pile dikes 
extend to the water surface itself, which means that a flow obstruction is 
present at the water surface. However, the rock dikes are completely 
submerged, allowing the water at the surface to flow more quickly. 
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Figure 29. High discharge full domain water surface velocity 
magnitude comparison. 

 



ERDC/CHL TR-19-3  44 

Figure 30. High discharge upstream zoom water surface velocity 
magnitude comparison. 
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Figure 31 through Figure 34 show the flow velocity magnitudes at a 10 ft 
depth in the flow domain. At this depth, the flow behaviors produced by 
the pile dikes and by the rock dikes are very similar. The navigation 
channel and deeper areas have flow velocities between 5.0 and 7.5 ft/s 
downstream of Dike 70.07. Immediately downstream of each dike, velocity 
magnitudes of 0.5 to 1.0 ft/s are common. The rock dikes produce higher 
flow velocity magnitudes near the shore than the pile dikes. The flow 
direction is not significantly different between the pile dikes and the rock 
dikes. For both dike types, eddies are present immediately downstream of 
each dike. These eddies extend along the length of the dikes and 
approximately one-fourth of the distance between each dike. Figure 33 
and Figure 34 are isometric views of the velocity magnitude contours at 
the 10 ft depth including the bathymetry, which is shown in gray. These 
figures provide some insight into how flow is influenced by the dikes. The 
10 ft depth is below the dike base at the bank line end of the dike, so the 
velocity magnitudes at that depth are strongly affected by the dike base 
geometry. The top image of Figure 34 indicates where the highest-velocity 
flows are located relative to the end of the dikes. The navigation channel 
lies between the channel end of the dike and these highest-velocity areas.  
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Figure 31. High discharge full domain 10 ft depth velocity 
magnitude comparison. 
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Figure 32. High discharge full domain 10 ft depth velocity 
magnitude comparison. 
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Figure 33. High discharge full domain 10 ft depth velocity 
magnitude comparison — isometric. 
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Figure 34. High-discharge velocity contours at 10 ft depth around 
Dike 69.79. 
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Flow magnitudes at five vertical locations within the pile and rock dike 
flow domains are shown in Figure 35 and Figure 36, respectively. The 
vertical direction is distorted by a factor of 5 to more clearly show the 
vertical variation in the shallow regions. In each figure, the northern bank 
line (where the dikes are located) is on the right side of the image. The pile 
dikes produce a more pronounced vertical variation in the flow velocities 
than the rock dikes. The pile dikes also produce lower velocities than the 
rock dikes very close to the dikes. With both dike types, the highest 
velocities are on the water surface, but the pile dikes produce slightly 
higher velocities (approximately 1.0–1.5 ft/s higher) in the navigation 
channel than the rock dikes. In the shallow areas along the northern bank 
line, the pile dikes show much less vertical variation with the velocity 
magnitudes than the rock dikes. 
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Figure 35. Vertical slices of pile dike high discharge simulation. 
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Figure 36. Vertical slices of rock dike high discharge simulation. 
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The velocity magnitude contours along the river bed at Dikes 69.79 and 
70.07 are shown in Figure 37 and Figure 38, respectively. These are 
included to provide information relating to potential scour/deposition 
near the dikes. The velocity magnitudes near the bed immediately 
downstream of each dike are smaller than in the deeper areas of the flow 
domain — except downstream of the channel-end of each dike, which 
extends into the main channel area. At Dike 70.07, each dike type 
produces near-bed velocities up to 4.5 ft/s immediately downstream of the 
dike tip for approximately two-thirds of the distance to the next dike. The 
behavior is present with Dike 69.79 but is much less pronounced. The pile 
dikes tend to direct flow around its channel-end toward the main channel 
whereas the rock dikes direct some flow around the shore-end of the dike 
as well. The rock dikes induce more flow in the shallow areas between the 
dikes than do the pile dikes. Immediately downstream of the dike (for both 
types of dikes) and in the very shallow areas (~5–7 ft deep) near the 
northern bank line, the flow velocity near the bed is less than 0.5 ft/s, 
making these shallow areas the most susceptible to sediment deposition 
that might occur in the flow domain.  
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Figure 37. High discharge Dike 70.07 bed velocity magnitude 
comparison – isometric. 
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Figure 38. High discharge Dike 69.79 bed velocity 
magnitude comparison — isometric. 
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The velocity differences between the pile and rock dikes are shown in 
Figure 39 and Figure 40. The velocity magnitude differences range from -
2 to 5 ft/s. The differences between the pile dike and rock dike are much 
more significant at the water surface (top image) than at the bed (bottom 
image). The rock dikes have higher velocity magnitudes (approximately 
2.0 ft/s higher) between the dikes at both the water surface and the bed. 
The pile dikes produce velocity magnitudes near the center of the main 
channel that are 1.0–1.5 ft/s higher than the rock dikes. These trends are 
caused by the pile dike piles extending up to the water surface whereas the 
rock dikes are fully submerged. The smaller velocity magnitude differences 
at the bed are expected because the pile and rock dikes are similarly 
shaped at the base. 
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Figure 39. High discharge extreme difference velocity magnitude 
comparison. 
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Figure 40. High discharge extreme difference velocity magnitude 
comparison. 
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5.2 Medium discharge 

The results for the medium-discharge (337,680 cfs) model are shown in 
Figure 41 through Figure 52. The velocity magnitudes at the water surface 
for both the pile dike and rock dike simulations are shown in Figure 41. 
Figure 42 shows a magnified view of the area downstream of Dikes 70.35 
and 70.07. The navigation channel and deeper areas downstream of Dike 
70.07 have flow velocities above 3.5 ft/s for both the pile dikes and the 
rock dikes. The most significant differences between the pile dike and rock 
dike velocities occur at and between the dikes at the water surface. The 
pile dikes produce a lower flow velocity magnitude (0.5–1.5 ft/s) near the 
northern boundary than the rock dikes (up to 4.0 ft/s). The different 
geometries of the rock dikes and the pile dikes account for these 
differences in magnitude. The pile dike piles extend to the water surface, 
which causes a flow obstruction and slow the flow. The rock dikes are 
completely submerged and do not impede flow along the water surface.  
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Figure 41. Medium discharge full domain water surface 
velocity magnitude comparison. 
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Figure 42. Medium discharge upstream zoom water surface 
velocity magnitude comparison. 
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Flow velocity magnitudes at 10 ft depth for the pile dike and rock dike 
simulations are shown in Figure 43 through Figure 46. At 10 ft depth, the 
flow behavior of the rock dikes and the pile dikes is similar. The velocity 
magnitudes at the water surface in the navigation channel and other deep 
parts of the flow domain downstream of Dike 70.35 are between 3.0 and 
5.0 ft/s for both dike types. Velocity magnitudes are 0.5 to 1.0 ft/s 
immediately downstream of the dikes. Rock dikes produce higher velocity 
magnitudes near shore than the pile dikes. This flow variation can be 
expected with the differences in water surface obstruction caused by the 
piles. Overall, the flow direction is similar for both types of dikes. Pile 
dikes and rock dikes also show eddies immediately downstream of each 
dike. These eddies extend about a quarter of the distance between each 
dike and approximately the entire length of the dikes. Isometric views of 
velocity magnitude contours at 10 ft depth can be seen in Figure 45 and 
Figure 46. The bathymetry is shown in gray. These figures provide insight 
into how the flow is influenced by dikes. The 10 ft depth falls below the 
dike base near the shore, so the velocity magnitudes show variance due to 
the different geometries. The top image of Figure 46 indicates how far the 
highest-velocity flows are located relative to the end of the dikes. The 
navigation channel lies between the channel end of the dike and these 
highest-velocity areas. 
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Figure 43. Medium discharge full domain 10 ft depth velocity 
magnitude comparison. 
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Figure 44. Medium discharge upstream zoom 10 ft depth velocity 
magnitude comparison. 
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Figure 45. Medium discharge full domain 10 ft depth velocity 
magnitude comparison — isometric. 
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Figure 46. Medium discharge velocity contours at 10 ft depth around 
Dike 69.79 — isometric. 
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The flow magnitudes at five vertical locations within the pile and rock dike 
flow domains are shown in Figure 47 and Figure 48, respectively. The 
vertical direction has been distorted by a factor of 5 to more clearly show 
the vertical variation in the shallow regions. In each figure, the northern 
bank line (where the dikes are located) is on the right side of the images. 
The pile dikes produce a more pronounced vertical variation in the flow 
velocities than the rock dikes. The pile dikes also produce lower velocities 
close to the dikes. With both dike types, the highest velocities are at the 
water surface, and the dike types produce very similar flow velocities in the 
navigation channel. In the shallow areas along the northern bank line, the 
pile dikes show much less vertical variation with the velocity magnitudes 
than the rock dikes. 
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Figure 47. Vertical slices of pile dike medium discharge simulation. 
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Figure 48. Vertical slices of rock dike medium discharge simulation. 
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Figure 49 and Figure 50 show the velocity magnitude contours along the 
river bed near Dikes 69.79 and 70.07, respectively. The velocity magnitude 
contours at the bed provide insight about potential scouring near the dikes. 
The velocity magnitudes near the bed immediately downstream of the dikes 
are small except downstream of the channel-end tip of each dike. Both dike 
types produce relatively high near bed velocities (up to 2.3 ft/s) immediately 
downstream of the channel-end tip of Dike 70.07 for about two-thirds of the 
distance to the next dike. At Dike 69.79, this behavior is also evident but is 
less pronounced. The rock dikes seem to direct some flow around the shore-
end of the dike while the pile dikes tend to direct more of the flow around 
the channel-end of the dike. The rock dikes allow for noticeably more flow 
in the shallow areas between the dikes than the pile dikes. Sediment 
deposition is more likely to occur immediately downstream of both dike 
types and in the very shallow areas (~5-7 ft deep) near the northern bank 
line since the flow velocity near the bed is less than 0.5 ft/s.  
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Figure 49. Medium discharge Dike 70.07 bed velocity magnitude 
comparison — isometric. 
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Figure 50. Medium discharge Dike 69.79 bed velocity magnitude 
comparison — isometric. 
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Figure 51 and Figure 52 show extreme velocity differences between the pile 
and rock dikes. The velocity magnitude differences range from -2 to 5 ft/s. 
More significant differences between the pile dike and rock dike are 
present at the water surface (top image) than at the bed (bottom image). 
Rock dikes produce higher velocity magnitudes (approximately 2.0 ft/s 
more) between dikes at the bed as well as at the water surface. Velocity 
magnitudes are approximately the same for both dike types near the 
center of the main channel.  
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Figure 51. Medium discharge extreme difference velocity magnitude 
comparison. 
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Figure 52. Medium discharge extreme difference velocity 
magnitude comparison. 

 



ERDC/CHL TR-19-3  76 

5.3 Low discharge 

The results for the low-discharge (291,881 cfs) model are shown in Figure 
53 through Figure 64. Figure 53 and Figure 54 show the velocity magnitude 
results at the water surface for the pile dike and rock dikes, respectively. 
Figure 53 shows the entire flow domain while Figure 54 focuses on the areas 
downstream of Dikes 70.35 and 70.07. At the water surface in the deep 
parts of the flow domain downstream of Dike 70.35, the velocity magnitudes 
are above 3.0 ft/s for both the pile dikes and the rock dikes. The most 
significant difference in the flow behavior of each dike type at the water 
surface is in areas extending from the northern boundary between the dikes. 
The pile dikes create lower flow velocity magnitudes (0.5–1.5 ft/s) near the 
northern bank line than the rock dikes, which produce flow velocities up to 
3.0 ft/s. Such differences in the two flow behaviors are not surprising given 
the geometry of each type of dike near the water surface. The pile dike piles 
extend to the water surface, obstructing the flow at the top of the water 
column. However, the rock dikes are completely submerged, so the flow has 
no obstruction at the water surface. 
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Figure 53. Low discharge full domain water surface velocity magnitude 
comparison. 
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Figure 54. Low discharge upstream zoom water surface velocity 
magnitude comparison. 
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The flow velocity magnitudes at a 10 ft depth in the flow domain are shown 
in Figure 55 through Figure 58. At this depth, the pile dikes and rock dikes 
produce similar flow behaviors. Downstream of Dike 70.07, the deep areas 
of the flow domain have flow velocities between 2.5 and 5.0 ft/s. Velocity 
magnitudes of 0.5 to 1.0 ft/s are common immediately downstream of 
each dike. The rock dikes produce higher flow velocity magnitudes near 
the shore than those produced by the pile dikes. There is no significant 
change in the flow direction between the pile dikes and the rock dikes. 
Eddies are present immediately downstream of each dike for each dike 
type. These eddies extend approximately the entire length of the dikes and 
approximately one-fourth of the distance between each dike. Isometric 
views of the velocity magnitude contours at the 10 ft depth including the 
bathymetry are shown in Figure 57 and Figure 58. The bathymetric surface 
is shown in gray. These figures provide insight into how flow is influenced 
by the dikes. Note that the dike bases extend through the 10 ft depth 
contour, so the dikes significantly alter the flow behavior in those areas. 
The top image of Figure 58 shows how the piles affect how far the highest-
velocity flows extend from the end of the dikes. The navigation channel lies 
between the channel end of the dike and these highest-velocity areas.  
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Figure 55. Low discharge full domain 10 ft depth velocity magnitude 
comparison. 
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Figure 56. Low discharge upstream zoom 10 ft depth velocity 
magnitude comparison. 
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Figure 57. Low discharge full domain 10 ft depth velocity magnitude 
comparison – isometric. 
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Figure 58. Low discharge velocity contours at 10 ft depth around 
Dike 69.79 – isometric. 

 



ERDC/CHL TR-19-3  84 

The flow magnitudes at five vertical locations within the pile and rock dike 
flow domains are shown in Figure 59 and Figure 60, respectively. The 
vertical direction has been stretched by a factor of 5 to show the vertical 
variation in the shallow regions more clearly. In each figure, the northern 
bank line (where the dikes are located) is on the right side of each image. 
The pile dikes produce a much more pronounced vertical variation in the 
flow velocities than the rock dikes. The pile dikes also produce much lower 
velocities very close to the dikes. With both dike types, the highest 
velocities are at the water surface, but the pile dikes produce slightly 
higher velocities (approximately 1.0–1.5 ft/s higher) than the pile dikes in 
the navigation channel. In the shallow areas along the northern bank line, 
the pile dikes show much less vertical variation with the velocity 
magnitudes than the rock dikes. 
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Figure 59. Vertical slices of pile dike low discharge simulation. 
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Figure 60. Vertical slices of rock dike low discharge simulation. 
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Figure 61 and Figure 62 show the velocity magnitude contours near the 
bed at Dikes 69.79 and 70.07, respectively. These images are included to 
provide information related to potential scour near the dikes. Except for 
the downstream area of the channel-end tip of each dike, which extends 
into the main channel flow, the velocity magnitudes near the bed 
immediately downstream of the dike are smaller than in in the deeper 
areas of the channel. At Dike 70.07, each dike type produces near-bed 
velocities up to 2.0 ft/s immediately downstream of the dike tip for 
approximately two-thirds of the distance to the next dike. Similar but 
much less pronounced behavior is present at Dike 69.79. With the pile 
dikes, much more of the flow is directed around the channel-end toward 
the main channel whereas the rock dikes direct some flow around the 
shore-end of the dike. More higher-velocity flow is present in the shallow 
areas between the rock dikes than the pile dikes. For both types of dikes, 
the flow velocity near the immediate downstream side of the dike (for both 
types of dikes) and the very shallow areas (~5–7 ft deep) near the northern 
bank line bed is less than 0.5 ft/s, making these areas of the flow domain 
susceptible to possible sediment deposition.  
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Figure 61. Low discharge Dike 70.07 bed velocity magnitude 
comparison – isometric. 

 



ERDC/CHL TR-19-3  89 

Figure 62. Low discharge Dike 69.79 bed velocity magnitude 
comparison – isometric. 
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Figure 63 and Figure 64 show velocity differences between the pile and 
rock dikes. The change in velocity magnitude ranges from -2 to 5 ft/s. 
Between the pile dikes and rock dikes, the velocity magnitude differences 
at the water surface (top image) are greater than those at the bed (bottom 
image). The rock dikes produce approximately 2 ft/s higher velocity 
magnitudes at the water surface along the northern bank line. The 
differences at the water surface are caused by the pile dike piles extending 
to the water surface whereas the rock dikes are fully-submerged. Near the 
center of the main channel, the velocity magnitudes produces by the pile 
dikes and rock dikes are approximately the same. The similarity in flow 
behavior between the dike types at the bed is expected because the pile 
and rock dikes are similarly shaped at the base. 
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Figure 63. Low discharge extreme difference velocity magnitude 
comparison. 
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Figure 64. Low discharge extreme difference velocity magnitude 
comparison. 
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6 Summary and Conclusion 

6.1 Study summary 

Replacement options are being evaluated for a system of pile dikes that 
have begun to deteriorate. Two dike designs are proposed — a pile dike 
design similar to the existing dikes and a conventional rock dike. The 
potential effects to navigation caused by the rock dikes are a concern to 
NWP and the shipping industry. A secondary interest of the pile dike 
replacement is the impact the rock dikes would have on fish habitat near 
the dikes and possible environmental concerns with rock dikes such as 
scour/sediment deposition.  

The flows near the dikes are 3D, so a computational flow solver capable of 
non-hydrostatic, 3D, open-channel flow calculations is required. The 
ERDC-developed computational code RANS-AdH has these capabilities 
and is used for all simulations in this study. The flow domain and 
boundary condition information have been derived from the results of a 
previously-conducted SW2-AdH model study of the Lower Columbia 
River. 

The RANS-AdH study of the currents near Cottonwood Island is employed 
to determine the potential effects a proposed rock dike geometry might 
also have on navigability in the river. The models are of two different 
geometries: the existing pile dikes and the proposed rock dikes. The flow 
domains for the Cottonwood site consist of four dikes (Dikes 70.35, 70.07, 
69.79, and 69.51). The results from simulations of a high discharge 
(432,811 cfs), a medium discharge (337,680 cfs), and a low discharge 
(291,881 cfs) are included in this study for each dike type. A total of six 
simulations are discussed.  

The simulation results for each discharge/dike type combination are 
presented as a series of contour plots of the flow velocity magnitudes, flow 
direction, and flow velocity magnitude differences at different locations 
within the flow domain. The differences in the flow velocity between the 
existing pile dikes and the proposed rock dikes at the water surface and at 
the river bed are shown directly for each of the three discharges.  

The flow domain comprises only a portion of the dike field along 
Cottonwood Island, so the inflow and outflow boundaries are located 
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between dikes. Some portions of the flow domain are therefore affected by 
the upstream and downstream boundaries and are not representative of 
the behavior in the full Columbia River. The flow solution in these areas is 
ignored. Any analysis of the flows behavior using the results presented in 
this report should focus on the areas of flow domain downstream of 
Dike 70.35 and upstream of Dike 69.51.  

The figures of the flow domain solution included in Chapter 5 show how 
the pile and rock dikes affect the flows in the navigation channel and what 
the flow behavior between the dikes is in relation to fish habitat and 
sediment scour/deposition potential. These plots are presented such that 
the flow behavior from the proposed rock dikes can be compared directly 
to the flow behavior from the existing pile dikes. 

Overall, the proposed rock dikes produce similar velocity magnitudes in 
the navigation channel as those produced by the existing pile dikes. The 
velocity magnitudes in the navigation channel vary at most approximately 
0.5 ft/s, but the flow direction is almost identical in the navigation channel 
for the pile and rock dikes. Between the dikes, the rock dikes yield higher 
flow velocities farther up the water column than the pile dikes. This is 
likely due to the piles extending to the water surface whereas the rock 
dikes are completely submerged. The pile and rock dikes perform more 
similarly farther down the water column as their respective geometries 
become more similar. The rock dikes yield higher velocities near the 
northern bank line. The rock dikes produce noticeably lower velocities 
downstream of the dike tips because they allow more flow over the top of 
the dike as opposed to the piles dikes that extend to the water surface. 
Both dikes produce eddies that extend approximately one-fourth of the 
distance between the dikes. All contour plot figures are presented in either 
Chapter 5 or Appendix D: Additional Flow Solution Images. 

A RANS-AdH model of the flows near Sand Island’s dike field yields 
technical challenges from the expansive shallow areas near Sand Island 
and the flow behavior from the SW2-AdH simulation results. These 
challenges are cost and time prohibitive, given the current level of 
technology. Abandoning the Sand Island numerical modeling effort, CHL 
and NWP jointly note the difficulties and are proposing solutions so 
similar sites and flow situations can be numerically modeled to evaluate 
the 3D flows near hydraulic structures (dikes, etc.) in the future. 
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6.2 Design recommendation 

While the flow behavior caused by the pile dikes and rock dikes do have 
differences, these are contained in areas that are outside the navigation 
channel. Flow velocity magnitudes and flow directions in the navigation 
channel are nearly identical between the two dike types. Therefore, when 
only navigation effects are considered, the conventional rock dikes offer no 
significant impacts. 

Other information obtained during this study, such as the near-bed 
velocities and the flow velocities at each dike and between dikes, offers 
insight into how the different dike types affect aspects of the environment 
near the dikes.  
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Appendix A: Sand Island Modeling Attempt 

The flow behavior and subsequent effects on navigation of the dikes near 
Sand Island are studied in addition to those at the Cottonwood Island site. 
The numerical modeling techniques discussed in Chapter 3 were applied 
to this site. Since Sand Island is within the tidal influence of the Pacific 
Ocean, the tides have a strong effect on the flow behavior in the area. The 
general process for choosing, refining, and creating computational meshes 
for the Sand Island flow domain are the same as those used for 
Cottonwood Island. 

Flow domain 

The three main considerations for determining the extents of the flow 
domain are determined from three main criteria:  

• which dikes to include that will produce useful results 
• the direction of flow from the SW2-AdH solution 
• constraints related to the size of the computational mesh of the area.  

Using those guidelines, CHL and NWP agree that Dikes 4.01, 4.47, and 5.15 
must be included the flow domain. Once the dikes selection was made, the 
extents of the flow domain must be chosen using the SW2-AdH flow 
solution. The SW2-AdH Sand Island flow domain (shown in Figure 65) is 
much more expansive (37,400 ft inflow to outflow length and 9,800 ft 
channel width at bay inlet) than the Cottonwood Island flow domain 
(37,400 inflow to outflow length and 1,300 ft channel width), so careful 
consideration concerning the size of the flow domain is necessary. An 
acceptable flow domain is one that would yield a computational mesh that 
allows simulations to be completed in a reasonable time frame while still 
accurately depicting the flow boundaries and not interfering with the flow 
solution in the areas of interest. Discharges for the Sand Island site RANS-
AdH simulations come from the Columbia River discharges (Figure 66) 
from the SW2-AdH study (ALDEN 2015).  
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Figure 65. Sand Island flow domain extents – SW2-AdH and RANS-AdH. 

 

Figure 66. Sand Island model discharges. 
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The SW2-AdH flow streamlines for both of the discharges chosen are 
shown in Figure 67. Since the flow domain area is so expansive in the 
vicinity of Sand Island, the computational mesh size considerations 
require that a boundary must be placed south of the chosen Sand Island 
dikes. The streamlines from the flow solution are generally perpendicular 
to the line of dikes, so placing a flow domain boundary south of the dikes 
does not pose a problem. The shallow areas of the flow domain near the 
dikes are much larger than the shallow areas near the Cottonwood Island 
dikes. Further, there is flow coming from north of the dikes that goes 
between the dikes, so these shallow areas cannot be completely excluded 
from the flow domain. The discharges chosen for the Sand Island 
simulations include ebb and flood tides. These produce eddies near the 
potential western boundary of the flow domain. To ensure that the 
boundary conditions imposed on the model accurately recreate the flows 
conditions generated by the SW2-AdH model, the boundaries of the flow 
domain must not intersect these eddies. These eddies are close enough to 
Dike 4.01 that excluding them negatively influences the applicability of the 
resulting RANS-AdH simulation results. Therefore, the flow domain 
chosen for the Sand Island flow simulations includes these eddies. 



ERDC/CHL TR-19-3  100 

Figure 67. Figures of Sand Island SW2-Adh flow solutions. 
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Computational meshing 

Computational meshing efforts focus on a portion of the flow domain that 
includes only Dike 5.15 and extend from the proposed northern and 
southern boundaries (the top and bottom of the red outlines in Figure 67) 
of the full flow domain. The shallow areas of the mesh near the dikes and 
north of the dikes are so expansive that the computational meshes for even 
the one-dike domain are not computationally viable for the resources 
available for simulations. The meshing difficulties encountered guide 
NWP and CHL to abandon the Sand Island numerical modeling effort.  

Discussions of the Sand Island meshing effort lead to the identification of 
aspects of the meshing process and RANS-AdH that must be addressed 
before a similar area and flow situation can be simulated. The shallow 
areas of the flow domain are so expansive that well-shaped tetrahedral 
elements produce meshes that are either too large for efficient flow 
simulation calculations to be made or too dense to generate a mesh at all. 
The aspect-ratio requirements of tetrahedral elements restrict the size of 
the elements in those shallow areas, which means the shallow areas 
require many more elements for a high-enough quality mesh for 
simulations.  

To address these problems, different elements types of meshing are 
necessary. For any meshing software in use, the tetrahedral-only meshes are 
very large compared to meshes composed of other element shapes such as 
hexahedra or prisms. Tetrahedra-shaped elements are well suited for areas 
of flow domains that have complex shapes. However, in areas that lack such 
complex shapes, tetrahedra-shaped elements produce higher element 
counts relative to what those other element shapes produce. Further, other 
mesh shapes can have high aspect ratios (well suited for shallow areas) 
without degrading the quality of the computational solution. The 
advantages of these elements are used in flow simulations over airplane 
wings, through turbines, and around ship/submarine hulls where accurately 
defining the boundary layer is important. For regions near the surfaces in 
these types of flow simulations, the mesh resolution in one direction 
(normal to the surface) must be significantly higher than in the other 
directions (parallel to the surface).  

Meshing techniques for flow domains with large, relatively shallow areas 
are being developed but are not in use to produce flow solutions on any 
USACE project at the time of this report. These meshing techniques need 
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to be applied to projects that involve these types of flow domains and 
situations. With its automatic mesh refinement techniques, RANS-AdH 
stands to be a highly sought after tool for open-channel flow situations 
commonly of interest to USACE. To improve the applicability of RANS-
AdH, it must include the ability to work with new element-type meshes. 
Extending RANS-AdH to work with these types of meshes (particularly 
hexahedra-only and hybrid hexahedra-tetrahedra meshes) allows for 
problems involving large, shallow areas with intricate geometries and 
complex, 3D flows to be simulated numerically.  
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Appendix B: Feasibility of Combining Piles 

Each pile dike consists of a few hundred piles that are very close together 
relative to the size of the entire flow domain. Given the number of piles, 
their proximity, and their shape, the piles themselves significantly increase 
the size of the computational mesh required to sufficiently recreate the 
surface geometry of the flow domain. For meshes with such high element 
and node counts, the computing power required to complete the flow 
simulations is in the range of hundreds of processor hours. Different ideas 
are evaluated for reducing the mesh size. One suggestion is combining the 
piles, as long as the subsequent flow solution is not significantly different 
from the solution with the existing pile geometry. A comparison study of 
different pile combination techniques is conducted on a defined flow 
domain containing one dike (Dike 70.35). These comparison simulations 
use one flow discharge, 432,811 cfs. The one-dike flow domain extends 
from just downstream of the flow bifurcation immediately east of 
Cottonwood Island to approximately halfway between Dike 70.35 and Dike 
70.77 starting at the southern bank of the Columbia River to the 5 ft depth 
contour on the northern bank. 

Two-pile and three-pile combinations are evaluated. No guidelines are 
available in the literature to combine separate piles in a way that ensures 
the solution is representative of that of the separated pile geometry. 
Further, no guidance on how to define the Reynolds number for this flow 
situation is available. When determining the size and spacing of the 
combined piles, consideration is given to ensure that the combined pile 
geometry flow patterns are comparable to the existing pile geometry flow 
patterns. The only information that is similar to this case for determining 
the Reynolds number is work done by Maynord (2000). It involves the 
blockage area of ships in navigation channels to determine wave affects in 
shallow areas. Using this information as a guide, a combined pile 
configuration is developed.  

The configuration of the existing piles is shown in Figure 68. In each row, 
the piles have a 2.5 ft spacing (center to center). The rows have a -1 ft gap 
(edge of pile to edge of pile). The combination pile structure is applied to 
each dike, and the pile size and spacing are the same between the existing 
pile geometry and the combination geometry.  
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The two-pile combination has piles that are twice the diameter of the 
existing piles with a spacing that is twice as wide. Similarly, the three-pile 
combination piles are three times larger than the existing piles with a 
spacing that is three times as wide. Each pile combination flow domain is 
meshed according to the procedure described in Section 3.2.2 of the main 
report. The pile geometry of the water surface at the end of Dike 70.35 for 
each dike configuration is shown in Figure 69.  

Figure 68. Schematic of existing pile dike geometry (USACE NWP 1968). 

 

Figure 69. Water surface geometry of the different pile 
combinations. 

 

Table 4 lists the surface element count of the three different pile 
combination meshes. This information is provided to demonstrate the 
effect each pile combination structure has on the total mesh size. The two-
pile combination reduces the total mesh node count from the existing pile 
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mesh by 25%. Using the three-pile combination reduces the total mesh 
node count by essentially the same amount. This indicates that 
combinations of more than two piles will not provide additional reduction 
in the computational burden of the simulations.  

Table 4. Element and node count of the different pile combinations. 

Pile Combination 
Pile Surface Element 
Count for Area 

Total Mesh Node 
Count 

Total Mesh Volume 
Element Count 

Existing 74,805 627,860 3,558,834 

Two-Pile 19,498 471,800 2,661,084 

Three-Pile  19,918 465,550 2,622,189 

Boundary conditions for the pile combination comparison simulations are 
set up using the procedure described in Section 4.1 of the main report. The 
fixed-lid water surface treatment is used for each pile combination 
simulation. Contour plots of the velocity magnitudes on the water surface 
for each pile combination simulation are shown in Figure 70 through 
Figure 72. In each figure, the top image shows the entire flow domain and 
the bottom image is an enlarged area focusing on the region downstream 
of Dike 70.35. The contour range of each plot is identical, making direct 
comparison between the flow solutions possible. Each pile combination 
produces similar flow behavior in the navigation channel and deeper areas 
of the flow domain. There are almost no discernable differences in the 
velocity magnitudes at the water surface in those areas. However, the 
different pile dike configurations produce flow velocities between 0.5 and 
4.0 ft/s in similar areas directly downstream of the dike. A particularly 
stark difference in the water surface velocity magnitudes occurs 
immediately downstream of the channel side of the dike. Because of the 
interest NWP has in the flow behavior downstream of the dikes, and the 
differences in the flow behavior in the area of each pile combination, CHL 
and NWP agree that the pile combination tests are not sufficient and the 
existing piles geometry must be included in the four-dike simulations.  
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Figure 70. Existing pile water surface velocity magnitudes. 
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Figure 71. 2-pile combination water surface velocity magnitudes. 
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Figure 72. 3-pile combination water surface velocity magnitudes. 
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Appendix C: Free Surface vs. Fixed-Lid Water 
Surface Treatment  

Water’s free surface moves when there is flow. Although RANS-AdH can 
reproduce this water surface motion, the calculations required in the 
simulation are computationally intensive and require more 
simulation/processor time to complete than a fixed water surface (fixed-
lid) simulation. For many open-channel flow situations such as rivers, 3D 
flow solutions that are adequate for addressing the engineering questions 
of interest can be obtained using this fixed-lid method. Simulations using 
this method are referred to as a fixed-lid simulations. Since the meshes 
for this study have very high element and node count and the 
computational requirements are rigorous, ways to reduce the 
computational complexity of the simulations are sought. Determining if a 
fixed-lid simulation can produce a sufficiently accurate solution for the 
flows near the dikes in this study is one way to reduce the computational 
demand. A comparison study has been performed on a flow domain 
consisting of one dike (Dike 70.35) using one of the model discharges 
(432,811 cfs) chosen for the main study.  

The first phase of the study consists of free-surface and fixed-lid simulations 
for the pile dike and rock dike. The one-dike flow domain extends from just 
downstream of the flow bifurcation immediately east of Cottonwood Island 
to approximately halfway between Dike 70.35 and Dike 70.77 and includes 
the entire width of the channel up to the 5 ft depth contour along the 
northern bank of the Columbia River. A mesh was created for the pile dike 
flow domain, and steady-state flow solutions were obtained for the single 
discharge both for the free-surface treatment and the fixed-lid treatment. 
The only difference between the simulations for each type of dike is the 
water surface method. The modeling procedure for these simulations is the 
same as those outlined in Section 3.1.2 of the main report. The decision on 
whether the fixed-lid simulation choice is sufficient for the four-dike 
simulations is based on the difference of the water surface elevation and the 
velocity magnitudes between the two methods.  

The flow solutions for the all water-surface treatment simulations are 
shown in Figure 73 though Figure 78. The velocity magnitudes for each 
method at the water surface for the pile dikes are shown. The entire flow 
domain is in Figure 73, and an enlarged view of the dike is in Figure 74. In 
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each figure the top image shows the moving free-surface solution, and the 
bottom image shows in the fixed-lid solution. The only significant 
differences in the velocity magnitudes between the free-surface treatment 
and fixed-lid treatment are at the water surface. Qualitatively, the flow 
solutions are essentially identical. The displacement of the water surface 
for the pile dike free-surface simulation is shown in Figure 75. In this 
figure the contour scale ranges from -0.3 to 0.3 ft with a negative value 
indicating downward movement (a drop) of the water surface and a 
positive value indicating upward movement (a rise) of the water surface. 
Even with such a small contour range, the movement of the water surface 
appears to be negligible for the pile dikes. The largest surface movement is 
in the immediate vicinity of the piles.  

For the rock dikes, the water surface velocity magnitudes are shown in 
Figure 76 (full domain) and Figure 77 (near the dike). The displacement of 
the water surface for the rock dike free-surface simulation is shown in 
Figure 78. The contour scale ranges from -0.3 to 0.3 ft with a negative 
value indicating downward movement (a drop) of the water surface and a 
positive value indicating upward movement (a rise) of the water surface. 
As with the pile dike, the water surface velocity differences between the 
free-surface and fixed-lid simulations are negligible. Qualitatively, the 
solutions are essentially identical with only small differences in the water 
surface velocity magnitudes. The displacement of the water surface with 
the rock dike is even smaller than that of the pile dikes.  

Overall, the differences in velocity magnitude are slight with the largest 
variation very near the piles. Based on these flow results, the CHL/NWP 
team concur that the added computational complexity from the free-
surface simulations is unnecessary. Therefore, the fixed-lid surface 
treatment is used for the water surface for all four-dike simulations. 
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Figure 73. Free-surface vs. fixed lid – pile dike full domain water 
surface velocity magnitudes. 
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Figure 74. Free-surface vs. fixed lid – pile dike zoom water surface 
velocity magnitudes 
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Figure 75. Free-surface vs. fixed lid – pile dike free-surface 
movement. 
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Figure 76. Free-surface vs. fixed lid – rock dike full domain water 
surface velocity magnitudes. 
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Figure 77. Free-surface vs. fixed lid – rock dike zoom water 
surface velocity magnitudes. 
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Figure 78. Free-surface vs. fixed lid – rock dike free-surface 
movement. 
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Appendix D: Additional Flow Solution Images 

Additional figures of the flow solution for each discharge used in this 
numerical model study are included in this appendix. These figures are 
additional contour plots of the flow solutions at different locations within 
each flow domain and are intended to supplement the figures and 
discussion included in Chapter 5 of the main report. 

Additional flow solution images for high discharge are presented in Figure 
79 through Figure 86, for medium discharge are presented in Figure 87 
through Figure 94, and for low discharge are presented in Figure 95 through 
Figure 102, respectively. 

Vertical slice locations for Pile Dike 70.07 are shown in Figure 103. High, 
medium, and low discharge vertical velocity profiles for Pile Dike 70.07 are 
shown in Figure 104 through Figure 106, respectively. 

Vertical slice locations for Rock Dike 70.07 are shown in Figure 107. High, 
medium, and low discharge vertical velocity profiles for Rock Dike 70.07 
are shown in Figure 108 through Figure 110, respectively. 

Vertical slice locations for Pile Dike 69.79 are shown in Figure 111. High, 
medium, and low discharge vertical velocity profiles for Pile Dike 69.79 are 
shown in Figure 112 through Figure 114, respectively. 

Vertical slice locations for Rock Dike 69.79 are shown in Figure 115. High, 
medium, and low discharge vertical velocity profiles for Rock Dike 69.79 
are shown in Figure 116 through Figure 118, respectively. 
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High discharge 

Figure 79. High discharge full domain 5 ft depth velocity 
magnitude comparison. 
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Figure 80. High discharge full domain 5 ft depth velocity 
magnitude comparison. 
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Figure 81. High discharge full domain 5 ft depth velocity 
magnitude comparison – isometric. 
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Figure 82. High discharge velocity contours at 5 ft depth around 
Dike 69.79 – isometric. 

 



ERDC/CHL TR-19-3  122 

Figure 83. Eddies formed downstream of Dike 70.07 at 10 ft depth 
for high discharge. 
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Figure 84. Eddies formed downstream of Dike 69.79 at 10 ft depth 
for high discharge. 
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Figure 85. High discharge velocity magnitude difference comparison. 
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Figure 86. High discharge velocity magnitude difference comparison. 
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Medium discharge 

Figure 87. Medium discharge full domain 5 ft depth velocity 
magnitude comparison. 
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Figure 88. Medium discharge full domain 5 ft depth velocity 
magnitude comparison. 
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Figure 89. Medium discharge full domain 5 ft depth velocity 
magnitude comparison – isometric. 
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Figure 90. Medium discharge velocity contours at 5 ft depth 
around Dike 69.79 – isometric. 
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Figure 91. Eddies formed downstream of Dike 70.07 at 10 ft 
depth for medium discharge. 
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Figure 92. Eddies formed downstream of Dike 69.79 at 10 ft 
depth for medium discharge. 
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Figure 93. Medium discharge velocity magnitude difference 
comparison. 
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Figure 94. Medium discharge velocity magnitude difference 
comparison. 
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Low discharge 

Figure 95. Low discharge full domain 5 ft depth velocity 
magnitude comparison. 
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Figure 96. Low discharge full domain 5 ft depth velocity 
magnitude comparison. 
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Figure 97. Low discharge full domain 5 ft depth velocity 
magnitude comparison – isometric. 
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Figure 98. High discharge velocity contours at 5 ft depth around 
Dike 69.79 – isometric. 
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Figure 99. Eddies formed downstream of Dike 70.07 at 10 ft 
depth for low discharge. 
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Figure 100. Eddies formed downstream of Dike 69.79 at 10 ft depth 
for low discharge. 
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Figure 101. Low discharge velocity magnitude difference comparison. 
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Figure 102. Low discharge velocity magnitude difference 
comparison. 
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Vertical slices across Dike 70.07 and Dike 69.79 

Figure 103. Vertical slice locations for Pile Dike 70.07. 
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Figure 104. High discharge vertical velocity profile at slices across Pile Dike 70.07. 
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Figure 105. Medium discharge vertical velocity profile at slices across Pile Dike 
70.07. 
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Figure 106. Low discharge vertical velocity profile at slices across Pile Dike 70.07. 
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Figure 107. Vertical slice locations for Rock Dike 70.07. 
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Figure 108. High discharge vertical velocity profile at slices across Rock Dike 70.07.  

 



ERDC/CHL TR-19-3  148 

Figure 109. Medium discharge vertical velocity profile at slices across Rock Dike 
70.07. 
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Figure 110. Low discharge vertical velocity profile at slices across Rock Dike 70.07. 
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Figure 111. Vertical slice locations for Pile Dike 69.79. 
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Figure 112. High discharge vertical velocity profile at slices across Pile Dike 69.79. 
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Figure 113. Medium discharge vertical velocity profile at slices across Pile Dike 
69.79. 
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Figure 114. Low discharge vertical velocity profile at slices across Pile Dike 69.79. 
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Figure 115. Vertical slice locations for Rock Dike 69.79. 
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Figure 116. High discharge vertical velocity profile at slices across Rock Dike 69.79. 
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Figure 117. Medium discharge vertical velocity profile at slices across Rock Dike 
69.79. 
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Figure 118. Low discharge vertical velocity profile at slices across Rock Dike 69.79. 
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