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FOREWORD

Riprap is one of the most common materials used to protect bridge abutment and pier
foundations from scour. A key element of the design of riprap countermeasures is rock sizing,
which is based on equations generally derived from simplified laboratory experiments. In this
study, an advanced modeling approach is developed and applied to evaluate rock stability. The
advantage of this approach is that it can incorporate site-specific conditions that complicate
riprap design. This report describes this advanced, numerical modeling procedure for analyzing
the stability of riprap at bridge abutments and piers. The report will be useful for designers and
engineers responsible for protecting bridge foundations. The study described in this report was
conducted at the Federal Highway Administration’s (FHWA) Turner-Fairbank Highway
Research Center (TFHRC) J. Sterling Jones Hydraulics Laboratory.

Cheryl Allen Richter, P.E., Ph.D.
Director, Office of Infrastructure
Research and Development

Notice
This document is disseminated under the sponsorship of the U.S. Department of Transportation
(USDOT) in the interest of information exchange. The U.S. Government assumes no liability for
the use of the information contained in this document. This report does not constitute a standard,
specification, or regulation.

The U.S. Government does not endorse products or manufacturers. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
objective of the document.
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The Federal Highway Administration (FHWA) provides high-quality information to serve
Government, industry, and the public in a manner that promotes public understanding. Standards
and policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its
information. FHWA periodically reviews quality issues and adjusts its programs and processes to
ensure continuous quality improvement.
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CHAPTER 1. INTRODUCTION

Local scour at bridge piers and abutments is a potential safety hazard of major concern to
transportation agencies. If scour at a bridge pier or abutment can adversely affect the stability of
a bridge, scour countermeasures to protect the bridge should be considered. Rock riprap is a
common countermeasure used to prevent or reduce scour. While the Federal Highway
Administration (FHWA) does not recommend riprap as a design countermeasure for piers on
new bridges, it can be used for new bridge abutments. Rock riprap can also be used as a remedial
measure for scour at piers and abutments for existing bridges.

Current riprap design methodologies and scour evaluation procedures provide a threshold size of
rock that is anticipated to be stable under a pre-determined design condition. These methods are
intended to be conservative in order to be useful for a wide variety of field conditions.

The sizing of riprap in scour countermeasure design procedures is based primarily on limited
field observations and scaled laboratory tests under controlled conditions. FHWA’s Hydraulic
Engineering Circular No. 23 (HEC-23) Bridge Scour and Stream Instability Countermeasures,
Experience, Selection, and Design Guidelines includes a formula that is functionally equivalent
to the 1936 Isbash formula that provides a median rock size (Dso) based on the water depth (y) at
the pier and the Froude number (Fr).%) The HEC-23 formula includes a multiplicative factor on
the mean velocity intended to account for higher instantaneous velocities resulting from
increased turbulence intensity for pier shapes that are not simple cylinders.

However, because riprap sizing formulas are based on limited data, there is uncertainty and
variation in the equations for sizing riprap. For example, there is a large spread in the design
median rock size using formulas for piers proposed between 1973 and 1999. A comparison based
on work by Lagasse et al. is summarized in figure 1. As is apparent in the figure, most
equations yield larger values than the HEC-23 approach.

The methods also do not provide a site-specific understanding of when rocks might become
displaced especially if the stream morphology or hydrology has changed from the time of design.
Therefore, advanced computational mechanics techniques might offer benefits for the assessment
and design of rock riprap and to ascertain the scour vulnerability of existing bridges.

The analysis of riprap stability can be considered a fluid structure interaction (FSI) problem. FSI
problems involve solving for the fluid flow force on a solid surface, the response of that solid to
the load, and subsequently the change of the flow conditions caused by displacement of the solid.
Computational fluid dynamics (CFD) software is used for solving fluid flows and computational
structural mechanics (CSM) software used is used for solving the deformations and stresses in
solid bodies.

Historically, CFD and CSM have developed independently. In recent years, both have been
developing additional solvers needed for FSI problems. However, at the moment, there is no
integrated software package with both highly robust CSM and CFD solvers needed for general
purpose FSI analyses. The current best practice is to couple highly reliable independent CFD and
CSM software in an iterative analysis that requires exchange of data on common interfaces
between the fluid and solid structures at small time intervals.
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Figure 1. Graph. Comparison of riprap sizing curves at a rectangular pier.

The STAR-CCM+ CFD software from the Computational Dynamics-Analysis and Design
Application Company (CD-Adapco) is capable of solving flow problems in domains containing
solid objects with complex, irregular geometry in relative motion along arbitrary paths through
the fluid domain.® The LS-DYNA CSM software from the Livermore Software Technology
Company (LSTC) is a general purpose finite element program capable of simulating highly non-
linear real world problems in structural mechanics with changing boundary conditions (such as
contact forces between rocks that change over time), large displacements, large deformations,
and non-linear material property relations.” These were coupled for this study to analyze the
stability of rock riprap under varying geomorphic and hydraulic conditions.

The objectives of this research study were as follows:
e Assess whether detailed FSI modeling can inform evaluation of rock riprap movement for
both the analysis of existing riprap aprons and for the design of new riprap aprons.

e Develop recommendations for the design, installation, and monitoring of riprap apron
installations at bridge piers and abutments, where feasible.

These objectives were addressed in this project through a combination of physical and numerical
modeling. The numerical modeling was then tested and validated on a field case study.

Chapter 2 provides an overview of the literature review conducted to support this project.
Chapter 3 describes physical modeling used to validate the numerical modeling.

*Revised 10/17/18



Chapters 4 and 5 summarize the development of the coupled FSI numerical modeling tool and
its application to a field case study. Conclusions and recommendations are provided in
chapter 6.

Two appendices provide detailed background information for the interested reader: appendix A
provides the annotated bibliography developed during the literature search and appendix B
provides additional technical information on the development and testing of the coupled FSI
numerical modeling tool.






CHAPTER 2. LITERATURE REVIEW

Riprap is one of the most common countermeasures for bridge scour. For abutments, riprap can
be used for design of new bridges and for scour remediation at existing bridges. FHWA does not
recommended riprap for the design of new piers, but it may be used for scour remediation issues
involving piers. Most reports and guidelines focus on design equations for sizing the rock size
for the riprap countermeasure. However, sizing the armor is only one component of the
comprehensive design, installation, inspection, and maintenance process required for successful
pier or abutment scour countermeasures. Riprap countermeasures are integrated with the
structural elements they are designed to protect and, therefore, must include consideration of the
armor layer thickness, the filter layer, and apron termination details. Successful performance
depends on the response of each component of the system to hydraulic and environmental
stresses throughout its service life. All of the following are necessary: filter requirements;
material and testing specifications; construction and installation guidelines; and inspection and
quality control procedures.

The literature review concentrates on available information, data, studies, and guidelines for
riprap failure Modes and design recommendations including significant studies completed
through the National Cooperative Highway Research Program (NCHRP). Five comprehensive
source documents were identified:

e NCHRP Report 568, Riprap Design Criteria, Recommended Specifications, and Quality
Control.®

e NCHRP Report 593, Countermeasures to Protect Bridge Piers from Scour.®

e Hydraulic Engineering Circular (HEC) 23, Bridge Scour and Stream Instability
Countermeasures: Experience, Selection, and Design Guidelines, Third Edition.®

e Melville and Coleman’s reference book, Bridge Scour.®

e Center for Civil Engineering Research and Codes (CUR), Manual on the Use of Rock in
Hydraulic Engineering.”

Appendix A contains the annotated bibliography developed for this study. Additional sources
included bridge scour related papers and abstracts published in the American Society of Civil
Engineers (ASCE) Compendium of Papers from ASCE Water Resources Engineering
Conferences from 1991 to 1998.®) This Compendium contains 371 abstracts and 75 full papers,
including a section dedicated to countermeasures.






CHAPTER 3. PHYSICAL MODELING

Physical modeling was conducted at the Turner-Fairbank Highway Research Center (TFHRC) to
provide a dataset for validation of the numerical modeling described in chapter 4. TFHRC
designed and conducted a laboratory experiment of a vertical-wall abutment that encroaches into
the channel at a scale of 1:18 (model:prototype).

TILTING FLUME

A flume with transparent glass side walls and a width, depth, and length of 6 ft, 1.8 ft, and 70 ft
(1.83 m, 0.55 m, and 21.35 m), respectively, was used to conduct the experiments. The flume
recirculated water and could be tilted to create a variety of flow conditions. A schematic drawing
of the flume is presented in figure 2.

3 Automated Flume
Carriage 2 Honeycomb

4 Sediment Bed
(Test Section)

5 Tailgate
ﬂ’

1 Flume Inlet

6 Flume Oulet

Figure 2. lllustration. FHWA tilting flume.

The flume’s skeleton was composed of U-shaped lateral steel frames supported on box-sectioned
longitudinal girders. A walkway was provided on one side of the structure. Water was supplied
to the flume by a circulation system with a sump of 7400 ft® (210 m®) and a pump with a
maximum capacity of 10.6 ft3/s (0.3 m®/s). The discharge was measured by an electromagnetic
flowmeter before the flow was introduced to an upstream head box equipped with a screen and
filter. Rapid development of a fully turbulent boundary layer was achieved through an upstream
ramp followed by a honeycomb mesh as a flow straightener and an upstream transition zone
composed of a layer of coarse sediments carefully placed on the flume bed to provide excess
friction. The flow depth was regulated through a computer-operated adjustable tail gate.

Figure 3 shows the flume instrumented with an automated three-axis positioning system with
traversing capability for the entire length, width, and height of the flume at a 0.039 inches
(12 mm) resolution. This carriage can position probes at any location within the test section to




make point velocity measurements using an Acoustic Doppler Velocimeter (ADV) (shown in
figure 4) and to characterize bed surface bathymetry using a laser-distance sensor.

Figure 4. Photo. ADV probe.

TEST SECTION

Figure 5 and figure 6 show plan and cross-section views, respectively, of the experimental layout
in the test section. The approach channel width (W) was 6 ft (1.83 m) and the contracted (bridge
opening) width (W) was 3.87 ft (1.18 m). Identical geometry vertical-wall abutments with an



abutment length (I1) of 2.23 ft (0.68 m) and abutment width (l2) of 1.07 ft (0.325 m) were placed
on each side of the flume. The approach velocity (V1), approach flow depth (y1), the contracted
section velocity (V-), and the contracted flow depth (y2) are also shown on the figures. One
abutment was constructed of a transparent material to allow recording of rock movement.

A riprap apron was installed flush with the fixed channel bed around both vertical-wall
abutments per HEC-23 Design Guideline (DG) 14.9 The average rock layer protrusion exposed
to the flow was 10 to 15 percent of the Dso. The riprap apron layer thickness (t) was two times
the Dso of 0.67 inches (17 mm), which was estimated using HEC-23 DG 14. The riprap apron
extent (WR) was two times the flow depth in all directions as recommended by HEC-23 DG 14.
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Figure 5. Sketch. Plan view of the test section.
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Figure 6. Sketch. Cross-section view of the test section.



In addition, rocks around the upstream corner of the* first abutment were colored with a
lighter color (blue) for the bottom first layer and a darker color (red) for the top second layer
as shown in figure 7. Figure 8 shows the installation before testing. The colored rocks were
placed in the potential “failure zone” based on observations and measurements from
experiments conducted by Pagan-Ortiz.(")

Figure 8. Photo. Riprap apron installation for testing.

EXPERIMENTAL PROCEDURE

The experimental procedure was designed to identify the conditions for incipient motion of the
riprap and to assess the nature of the riprap apron after failure.

Riprap Incipient Motion

Incipient motion of individual rocks was monitored and recorded with a high-speed camera that
was positioned inside the transparent abutment as shown in figure 5. The recording frame rate

*Revised 10/17/18
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varied within the range of 62 to125 ft/s (18.9 to 38.1 m/s). The velocity was increased stepwise
at very small increments. During this process, the approach flow depth remained constant at 0.56
ft (0.17 m) for all runs, although small fluctuations in the flow depth were impossible to avoid as
the velocity increased. When incipient motion of the riprap was detected, the approach velocity
that caused the shear failure was maintained for a period of 4 h at which time the test was
concluded.

Figure 9 shows a failure sequence for one of the runs with the flush apron installation around the
abutment that was used for the comparison with the numerical modeling approach that is described
in chapter 4. Figure 10 shows another example with the riprap installed at a slope of 1V:2H against
the front face of the abutment using the same riprap size and the same upstream flow depth.

Riprap Apron Condition after Failure

A laser distance sensor was used to scan the bathymetry of the riprap apron to characterize the
failure zone around the abutment. Figure 11 shows an isometric view of the surface mapping
results after shear incipient motion failure of the first layer of rocks at the upstream corner of the
abutment.

Figure 12 shows the same run with the painted rocks clearly outside the area in which they were
placed. The results for all runs confirmed that the rock incipient failure zone was located at the
upstream corner of the vertical-wall abutment. The tests also showed that the majority of the
entrained rock settled downstream along and near the abutment front face.

The experiments were conducted with a range of approach velocities as summarized in table 1.
In all cases the approach flow depth was 0.56 ft (0.17 m). During the experiments, only the
upstream average velocities were recorded to avoid any interference with the ADV probe
submerged in the contracted (bridge opening) section. The average velocity in the contracted
section was estimated using conservation of mass.

As can be seen in table 1, at the lowest velocity, the rocks appeared stable. With increasing

velocity, some shaking was observed but no movement. At the three experiments with the
highest approach velocities, shear failure was observed.
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Table 1. Flow conditions for flume experiments.

Measured Estimated
. Average Velocity in Froude Number High Speed Camera
Upstream Velocity, ) . . .
Contraction, ft/s in the Contraction Recordings
ft/s (m/s)
(m/s)

0.89 (0.27) 1.71 (0.52) 0.44 Rocks stable

1.18 (0.36) 2.33(0.71) 0.62 Some rocks shaking,

1.25 (0.38) 2.40 (0.73) 0.64 but no entrainment

1.28 (0.39) 2.49 (0.76) 0.66 observed

1.38 (0.42) 2.66 (0.81) 0.70 Shear failure, rocks

1.44 (0.44) 2.82 (0.86) 0.75 moved
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Figure 9. Photos. Shear failure sequence for riprap apron installed flush with channel bed.
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C. Time equals 1.75 seconds. | D. Time equals 8 seconds.

Figure 10. Photos. Shear failure sequence for riprap installed on a slope against the
abutment face.
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Figure 11. Graphic. Bathymetry of the riprap apron after failure in isometric view.
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Figure 12. Photo. After rock shear failure at the upstream corner of the abutment.
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CHAPTER 4. NUMERICAL MODELING: TOOL DEVELOPMENT

Numerical modeling to evaluate the incipient motion and movement of rock riprap was
conducted at the Transportation Research and Analysis Computing Center (TRACC) at Argonne
National Laboratory. Most of this chapter describing the development and testing of the
modeling tools is taken from Bojanowski et al.?) The interested reader will find more detail in
that reference, and in appendix B.

INTRODUCTION AND OBJECTIVES

From a computational mechanics point of view, the analysis of riprap stability can be considered
an FSI problem. FSI problems involve solving for the fluid flow forces on a solid surface, the
response of that solid to the load, and subsequently, the change of the flow conditions caused by
displacement of the solid. CFD software is used for solving fluid flows and CSM software is
used for solving the deformations and stresses in solid bodies.

Historically, these software tools developed independently. In recent years, a number of CFD
and CSM software vendors have been developing the capabilities needed to solve FSI problems.
In many cases, these vendors are recognized leaders in the field of either CFD or CSM but not
both. Integrated FSI software, if available, is not yet mature nor well tested by industry. Until
industry-proven FSI solvers are available, coupling highly robust and reliable CFD and CSM
software through the development of data exchange and concurrent control coupling procedures
appears to be the best approach for solving complex engineering FSI problems.

For this project, FHWA engaged the services of the TRACC for FSI modeling. TRACC has
licenses, a user base, and in-house expertise in the use of the software for the STAR-CCM+ CFD
software and the LS-DYNA CSM software. For this project, TRACC developed coupling
procedures between these software packages to support detailed analysis of riprap stability.

NCHRP report 568 lists four major failure Modes for riprap revetments: (1) slope failure
resulting in a slide, (2) riprap particle erosion, (3) erosion beneath the riprap armoring layer, and
(4) erosion of the toe or key of the revetment leading to a slide.®» The methods described in this
chapter can be applied to analyze failure Modes (1), (2), and (4). However, a model capable of
describing scour beneath riprap revetment would be required to analyze failure Mode (3).

Modeling rock motion must overcome several challenges. One is sufficient characterization of
the complex geometry of the bed in the vicinity of a pier or abutment. A riprap apron may
include hundreds of rocks placed in a semi-organized manner in several layers. Representing
each rock in the model is currently infeasible. However, sufficient engineering accuracy may be
obtained with a reasonable approximation of the armored bed geometry.

A second problem pertains to the extent of the domain to be modeled with CFD for proper
representation of flood conditions. The upstream boundary of the computational domain needs to
be a sufficient distance away from the zone of interest so that the velocity profile can develop by
the time the flow reaches the area of the bridge. Variations in river bed bathymetry constantly
perturb the velocity profile. In most cases, placing the upstream boundary at least ten river
hydraulic diameters upstream is sufficient. Similarly, the downstream outlet boundary must be
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sufficiently removed from flow obstructions so that recirculation zones created by flow
obstructions, such as bridge piers, do not cross the outflow boundary. If the downstream
boundary is too close to an obstruction, a recirculation zone may pull fluid into the domain
through the outlet boundary violating the boundary conditions and the computation normally
diverges. The outlet boundary should also be sufficiently removed from the zone of interest.
Placing the outflow boundary at least ten river hydraulic diameters downstream of the last
obstruction is usually sufficient.

STAR-CCM+ can address both issues because it can accommodate millions of computational
cells. However, physically obtaining detailed bathymetry of a river bed is difficult and
expensive.

Proper handling of the changes in the geometry within the CFD model is a third issue. STAR-
CCM+ is capable of solving flow problems in domains containing solid objects with complex,
irregular geometry in relative motion along arbitrary paths through the fluid domain using mesh
motion and mesh morphing techniques. These capabilities allow for the deformation of the
computational mesh to accommodate moving boundaries. During this process, new cells are not
created and the solution is mapped from the old mesh to the new deformed mesh. However, large
displacements of rocks as well as collisions between the rocks may cause the stretched cells to
lose sufficient cell quality for an accurate solution of the governing equations or the algorithm
may collapse cells causing negative volume cell termination of the computation. Automatic
interaction between morphing and remeshing of the domain when cell quality becomes too poor
is not available in STAR-CCM+. While STAR-CCM+ can model some rigid body interactions
with a fluid in motion and has some capability to describe collisions between solid bodies,
modeling of collisions is not yet sufficiently robust to describe the onset of motion for rocks.

LS-DYNA software is a general purpose finite element program capable of simulating highly
non-linear problems in structural mechanics including changing boundary conditions (such as
contact forces between rocks that change over time), large displacements, large deformations,
and non-linear material property relations. Recent updates to LS-DYNA included the release of a
new CFD solver that is coupled to its structural solver. LS-DYNA includes morphing and
automatic remeshing interaction; however, the coupled CFD solver is not capable of handling the
large domains required for stream flood modeling. In addition, the meshing capabilities are
limited to tetrahedral elements and the physics models in LS-DYNA are limited compared with
STAR-CCM+.

These issues with LS-DYNA or STAR-CCM+ lead to the conclusion that it is not practical to
solve the FSI problem for onset of riprap motion with either software system by itself. Therefore,
the primary objectives of numerical modeling tool development for this project were as follows:

e Develop an efficient and automatic procedure for file-based data exchange between
STAR-CCM+ and LS-DYNA for the purpose of FSI modeling of the motion of large
riprap rocks in river flow.

e Develop java macros internal to STAR-CCM+ to automatically update the model
geometry and mesh based on rock motion data from LS-DYNA.
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After development of the tools, they were tested by application to a case study of riprap at a
bridge pier in the Middle Fork Feather River described in chapter 5. The following section
describes validation of the methodology.

VALIDATION OF THE METHODOLOGY

The coupled FSI modeling tools were validated against the physical modeling described in
chapter 3. After validating the numerical modeling tools against the flume modeling data, the
results of the physical experiments were scaled up using Reynolds number similarity to evaluate
the modeling with full-scale geometry.

Model Geometry

The numerical model geometry was derived from scaling up the experimental flume setup by a
factor of 18. Figure 13 shows the plan view of the domain prototype dimensions including the
rectangular channel, abutments forming the contracted section, and the riprap aprons intended to
protect against local abutment scour. In the numerical analysis, only a half of this symmetrical
domain was modeled to reduce the computational burden. Figure 14 shows the domain in a
cross-section view.

PLAN VIEW
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—
'

1ft=0.305m
Figure 13. Sketch. Plan view prototype domain.
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Figure 14. Sketch. Cross-section view of the prototype domain.

One challenge for the numerical model was to determine the appropriate level of detail for the
description of the rocks in the riprap apron, including randomized size, shape, and placement. To
address this challenge, a limited number of rocks were allowed to move with the majority being
fixed in the modeling. The implementation of the coupling mechanism described in appendix B
requires the user to define many settings for each movable rock in STAR-CCM+, as well as in
the LS-DYNA model. This process cannot be automated and is very time consuming.

Also, the structural part of the coupling relies on simulation restart capabilities in LS-DYNA that
consume a significant amount of computer memory and time. The more movable rocks there are
in the model, the longer it takes to restart the LS-DYNA model in each coupling time step. This
is one of the limits of the coupling mechanism. These coupling limits, along with the domain
remeshing in CFD, are the most time consuming elements of the computation.

For these reasons, the number of movable rocks was limited to 30. The fine mesh following all
feature curves on the rocks were retained only for the movable rocks. The mesh in the CFD
model around the movable rocks is very dense but coarsens farther away from them.
Approximately 3,000 stationary rocks were manually placed in the testing area. Their packing
was not as dense and random as in reality because of computational limitations.

After placing the rocks, the domain was wrapped with the surface wrapper before building the
volume mesh. Wrapping the surface closed many small gaps and eliminated problems with
intersecting boundaries. The edge size of the largest cells around the rocks distant from the
movable ones was around 2.95 inches (75 mm), while the smallest edges sizes near to the
movable rocks were less than 0.2 inches (5 mm). The resulting CFD model shown in figure 15
contains 4.4 million polyhedral cells.

The movable rocks were placed sparsely in the same failure location described for the physical
experiments. All 30 movable rocks had the same shape, but their orientation was randomized.
The movable rocks are shown in figure 15 as darker in both middle panel and lower panels of the
figure.
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A. Broad perspective.
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Figure 15. Graphics. Rock layout in the CFD model.

Within LS-DYNA, the placement of the movable rocks could not be performed manually.
Equilibrium positions for each rock were determined in a finite element simulation so that they
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had proper contact with the ground and would not shift only from the application of gravitational
forces. The LS-DYNA model included 1.3 million shell elements and 30 inertia elements
attached to the center of gravity of the movable rocks. The stationary bed was constructed from
the wrapped surface from STAR-CCM+. Explicit time integration was used with a time step of
4.50E-06 s. The rock drop simulation was run for 10 s of real time. That procedure took
approximately 7 h on 64 cores of the TRACC Zephyr cluster. The initial positions of movable
rocks as well as their final equilibrium positions are shown in figure 16.

B. Final.
Figure 16. Graphics. Positions of movable rocks.
The surfaces describing the final position of the movable rocks were extracted from LS-DYNA
and imported to the STAR-CCM+ model. The shell elements used for movable rocks in LS-
DYNA represent a zero thickness surface, but actually have a thickness of 0.039 inches (1 mm).
The contact definition in LS-DYNA does not allow for penetrations of the movable rocks into
the bed, which results in at least a 0.039 inch (1 mm) gap between the rocks and the bed in
STAR-CCM+ model. This definition is required to prevent computational instabilities resulting

from squeezing the computational cells to zero thickness in the case of contacts or collisions
between movable rocks and the bed.

Flow Conditions

The force resulting from gravity is important for modelling rivers and other fluids with free
surfaces. Therefore, the major governing non-dimensional parameter for model/prototype scaling
is the Froude number. Flow conditions in the prototype-scale CFD simulations were calculated
based on the Froude similarity with the experimental conditions. The approach flow depth was
10.0 ft (3.06 m) and the Dsp was 12 inches (306 mm). The prototype range of velocities from the
physical experiments described in chapter 3 ranged from 3.76 to 6.11 ft/s (1.145 to 1.87 m/s).
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The CFD analyses were performed on a subset of these inlet velocities—3.76, 4.27, 4.59, 4.92,
5.25, and 5.58 ft/s (1.145, 1.3, 1.4, 1.5, 1.6, and 1.7 m/s)—to create initial states for the FSI
analyses. This subset was needed to identify the conditions of initial rock motion in the FSI
analyses. The inlet velocity was assumed constant across the inlet boundary.

To simplify the analyses, the two-phase nature of open channel flow (water and air) was
disregarded and only the water phase was simulated using a “closed-lid” representation. The
closed-lid approach was chosen over the more realistic two-phase volume of fluid (VOF)
approach because it is significantly less computationally intensive and more robust. The closed-
lid assumption forces a constant water height in the model and uses a symmetry boundary
condition at the water surface. The disadvantage of the closed-lid approach is that in reality the
water level would drop slightly in the contraction zone and rise upstream of the contraction.
Therefore, the numerical modeling with a closed-lid would indicate a smaller contraction flow
area in the upstream portion of the contraction and upstream of the contraction than would be
observed in the physical experiments. In this part of the domain, the closed-lid approach was
considered to be conservative because the average velocity in the numerical model would be
higher than in the physical model, causing rocks to be set in motion at a slightly, lower-approach
water velocity. Once the lower contraction depth is fully established, the closed-lid approach
would be result in an over-estimate of velocity and not provide a conservative estimate. These
differences were assumed to be minor.

A time step of 0.025 s was used in the unsteady Reynolds-Averaged Navier-Stokes (RANS)
solver for the CFD and the FSI modeling. The standard k-epsilon turbulence model was used in
the analyses.

Model Results

The CFD analysis with an inlet velocity of 4.27 ft/s (1.3 m/s) was identified as the threshold
velocity for which failure of riprap was detected. Figure 17 shows a velocity distribution just
above the riprap rocks from that simulation. Although the average velocity in the contraction
zone is approximately 8.2 ft/s (2.5 m/s), the local water velocity can be as high as 14.1 ft/s (4.3
m/s) near the corner of the abutment.

Figure 18 shows a perspective view of the abutment at the end of the CFD simulation. The
pressure was overlaid on the surface of the movable rocks. The ten rocks experiencing the
highest pressures are identified in the figure. All are located by the inlet to the contraction zone
where the flow acceleration occurs. Both pressure and shear forces were included in the analysis,
however, the pressure components are significantly higher than shear by two to three orders of
magnitude.
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Figure 17. Graphic. Velocity profile in a horizontal slice just above the riprap rocks with
an inlet velocity of 4.27 ft/s (1.3 m/s).
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Figure 18. Graphic. Location of the rocks with the highest forces in a CFD analysis.

Figure 19 shows a representative example of force time histories in the Z-direction (vertical) for
several individual rocks with an inlet velocity of 4.27 ft/s (1.3 m/s). Analogous force time
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histories were also available for the X-direction (flow direction). Forces in the Y-direction were
not reported as they are significantly smaller than forces in the X- and Z-directions. As can be
seen in figure 19, the forces were initially unstable but stabilized within approximately 5 s of
simulated time.

Force (N)

Physical Time (s)

11bf=4.45N
Figure 19. Graph. Initial stabilization of vertical forces on movable rocks.

To ensure consistency between the time series of the CFD and CSM analyses, the CFD runs
were terminated at 5 s after the instabilities were resolved and the CFD time step was reset to
zero retaining all state variables at the stabilized condition. This termination allowed a consistent
specification of time equal zero between the two modeling components. The retained state
variables from CFD were then imported to the CSM for time equals zero. In this way, both the
CFD and CSM analyses were initialized consistently for the FSI analyses.

The primary forces acting on each individual rock are the drag, net weight (weight minus
buoyancy), and contact forces. Net weight acts in the vertical direction. However, the direction
of the drag force depends on the surrounding flow field; the direction of the contact forces
depends on the orientation of neighboring rocks and the locations of their points of contact.
Table 2 summarizes the X and Z forces at the end of the simulation, as well as the total resultant
force, on the ten identified rocks. The rocks closest to the leading corner of the abutment (5 and
16) experienced the highest forces. Figure 20 illustrates the definition of the coordinate
directions and the resultant force on an individual rock.

Movement of an individual rock will depend on the resultant force (including its direction), the
weight of the rock (354 N), and the positioning of the movable rock with respect to the other
rocks. The Z component of the force is larger than the X component in all cases. The Z
component results from the weight and buoyancy as well as from the drag from significant flow
in the voids between the stationary rocks. Recall that the packing density of the rocks results in
greater void volumes than occurs in the physical experiments. In addition, the rocks away from
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the movable rocks are smoothed because of the larger cell sizes. Therefore, the Z forces are
likely overestimated, which represents a conservative simplification of the model.

Table 2. Forces on ten movable rocks with varying inlet velocities.

Inlet Velocity Inlet Velocity
Rock Inlet Velocity 4.27 ft/s (1.3 m/s) 4.59 ft/s (1.4 m/s) | 4.92 ft/s (1.5 m/s)

No. | ZForce (N) | X Force (N) | Resultant (N) Resultant (N) Resultant (N)
16 262 145 299 330 370
5 264 122 291 319 352
21 246 86 261 282 306
15 225 46 230 257 279
6 208 36 211 222 237
23 204 45 208 221 237
26 181 95 204 220 234
20 185 78 200 210 236
12 186 59 195 205 217
9 191 37 194 202 220

1Ibf=445N

By accounting for the collisions and contacts between all rocks, the FSI modeling determines
rock movements. The FSI simulations were performed with a coupling time step of 0.025 s,
which was also the time step in the CFD modeling. The time step in LS-DYNA of 4.50E-06 s
was significantly smaller to account for the collisions and contacts between the movable and
stationary rocks. For each time step in STAR-CCM+, there were approximately 5,550 time steps
in LS-DYNA. Ideally, these steps should be either equal to or inner iterations within one time
step to achieve better accuracy. However, if 5 inner iterations within a time step are needed, then
the overall computation time increases 5 times. For these validation studies, each simulation took
approximately one week of computation time. This time is a reasonable duration for production
runs. The assumed approach is believed to be a good compromise between the accuracy,
efficiency, and the conservatism of the results.

Figure 21 shows several snapshots from the FSI simulation for the case with an inlet velocity of
4.27 ft/s (1.3 m/s). Three rocks with the highest forces on them are labeled. Rock 5 is positioned
near the abutment corner and it is not moving in the FSI simulation at all. The other rocks
experience a sudden push when they are “allowed” to move at the beginning of the FSI
simulations. That causes them to oscillate, but they eventually return to their initial positions
adjusted for the hydrodynamic forces introduced in the FSI.

Forces on the same ten movable rocks at inlet velocities of 4.59 ft/s (1.4 m/s) and 4.92 ft/s (1.5
m/s) at the end of the stationary CFD simulation are also summarized in table 2. For the inlet
velocity of 4.59 ft/s (1.4 m/s), the order of forces is the same as for the lower velocity, but
increase between 3 and 10 percent. At this velocity in the FSI analysis, more rocks leave their
initial positions. Figure 22 shows several snapshots from the FSI simulation for that case. Rocks
9, 15, 16 and 23 exhibited the most noticeable movement. Several other rocks in the vicinity

26



oscillated in position. Collisions of the rolling rocks with surrounding rocks triggered local
motion of several more rocks. This inlet velocity was considered to be the threshold between
stable and failing riprap.

Abutment

Resultan®
Bgrce

L J

Figure 20. Graphic. Definition of forces on a single rock.

In the case with an inlet velocity of 4.92 ft/s (1.5 m/s) riprap failure became more apparent. The
resultant forces increased approximately 10 percent over the previous inlet velocity condition.
Figure 23 shows snapshots from that simulation. The rocks with most noticeable motions (9, 15,
16, 18, 23, 26) are labeled in this figure. In addition, rocks 6, 12, 18, and 20 become quite
unstable and move locally.

Table 3 compares scaled results from the experiments with the results from the simulations.
Scaling up the physical experiments to the prototype scale, the physical experiments validated
that the riprap should be stable at an inlet velocity of 3.76 ft/s (1.145 m/s). Similarly, in the CFD
simulation at this inlet velocity the rocks do not move from their initial positions. In the physical
experiments, the threshold of rock displacement occurred at approximately 5.41 ft/s (1.65 m/s).
In the numerical simulations, the threshold was judged to be at approximately 4.27 ft/s (1.3 m/s),
approximately 21 percent lower. These results suggest that the numerical simulations are
conservative, but are a reasonable representation of the physical behavior. It is hypothesized that
the differences between the physical experiments and numerical simulations can be further
decreased by more detailed mapping of the stationary rocks in the numerical simulations.
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Figure 21. Graphics. FSI simulation for an inlet velocity of 4.27 ft/s (1.3 m/s).
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Figure 23. Graphics. FSI simulation for an inlet velocity of 4.92 ft/s (1.5 m/s).

Table 3. Comparison of physical experiments and computational simulations.

Physical Experiments Scaled to Prototype CFD/FSI Prototype Simulations
Upstream Velocity, | Observation from | Upstream Velocity, Observation from
ft/s (m/s) Physical Experiment ft/s (m/s) Simulation
3.76 (1.145) Racks stable, design 3.76 (1.145) Rocks stable
velocity
Upper limit where - -
5.41 (1.65) some rocks shaking, 4.27 (1.3) EOtant'al instability of
but no entrainment prap
5.84 (1.78) Shear failure, rocks 4.27 (1.3) Potential riprap
6.11 (1.87) moved 459 (1.4) failure
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CHAPTER 5. NUMERICAL MODELING: CASE STUDY

The numerical modeling approach described in chapter 4 was applied to a complex field case
study to evaluate the potential for such a tool to evaluate and to design riprap protection for
bridge piers and abutments. Current design methodologies and scour evaluation procedures are
often based on laboratory studies or straight forward field situations. This case study will
illustrate the potential for use of advanced computational mechanics techniques to assess rock
stability and bridge vulnerability.

SITE CONDITIONS AND RIPRAP RISK ASSESSMENT

The case study represents an opportunity to study the effectiveness of riprap installed to protect a
bridge pier in Plumas County, California. The bridge carries State Route 89 over the Middle
Fork of the Feather River near the towns of Blairsden and Graeagle. The bridge was built in 1955
and the river channel was realigned at the time to straighten the flow upstream of the bridge as
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shown in figure 24.
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Figure 24. Photo. Historic, realigned, and current channel alignment.

During high winter flows in 1988, the river avulsed from its 1955 realignment and moved toward
its historic streambed and flow path. As a result, the flow approaches the bridge at the sharp
angle shown in figure 24, causing excessive backwater and deep scour at one of the piers.

Later, the California Department of Transportation (Caltrans) determined that the bridge was
scour critical based on vertical contraction scour and local pier scour. In 2011, a field survey was
conducted at the bridge site. The survey included acquisition of river bathymetry from a boat and
Global Positioning System (GPS) coordinates of ground features near the bridge. The
bathymetric survey was conducted using a SonarMite depth finder by Seafloor Systems. Figure
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25 shows the riverbed elevation model built based on that data with the deepest scour in front of
the pier of primary concern: pier 3.

ft=0305m
Figure 25. Photo. River bathymetry before installation of the riprap.

In August 2012, Caltrans placed rock riprap over filter fabric around the most vulnerable pier to
protect the bridge. A 1-ton average rock size was specified for this work. Figure 26 shows the
extent of the riprap apron design around pier 3. Figure 27 shows the work area near pier 3 during
the riprap installation.

In 2013, Caltrans performed a follow-up riverbed survey. Reconstructed bathymetry based on
this survey is shown in figure 28. The scour hole was completely leveled with the surrounding
bed. However, subsequent investigation of the project site suggested that the riprap design
velocities were underestimated and, therefore, the riprap may be under sized to withstand the
100-year design event.V This concern led to further analysis using the advanced numerical
modeling developed for this research project and described in the following section.

MODEL DEVELOPMENT FOR THE MIDDLE FORK FEATHER RIVER

The numerical modeling techniques for FSI analyses described in chapter 4 were applied to the
Middle Fork of the Feather River. The following sections describe the development of the CFD
and CSM models.
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Figure 27. Photo. Riprap installation near pier 3 (August 2012).
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1t=0.305m

Figure 28. Photo. River bathymetry in 2013 after riprap installation.
Domain and Mesh

The riverbed geometry model was constructed based on the 2011 bathymetric survey and GPS
coordinates of the areas around the river. The bed surface in the CFD model was subdivided into
river bed and grass surfaces with appropriate roughness coefficients for these boundaries as
shown in figure 29. In addition, an area surrounding the pier was bounded with a box where a
denser mesh could be used for more accurate results.

The point cloud bathymetry was numerically enhanced using Matlab and MeshLab.213) The
enhanced point cloud was triangulated to obtain a raw surface and imported into STAR-CCM+
as the initial geometry for the numerical model. Next, the bed geometry and the bridge geometry
were transformed into a surface mesh. A volume mesh was generated with polyhedral cells. The
covered domain was approximately 935 ft (285 m) long, 394 ft (120 m) wide, and 23 ft (7 m)
high. As shown in figure 30, the model included pressure, velocity, and symmetry boundary

types.

With this domain, large recirculation zones developed near the outlet creating problems
enforcing pressure boundary conditions on the outlet. To remedy this situation, the domain was
extended downstream another 984 ft (300 m). In the absence of detailed profile data for the river
in that region, the extension was based on the most downstream cross-section of the surveyed
domain and a longitudinal slope of 0.3 percent.
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boundary

Figure 30. Graphic. CFD model boundaries.

Figure 31 shows the surface mesh of the riverbed in the CFD model with the deepest point near
pier 3. STAR-CCM+ software allows for fine gradation of the computational mesh in three
dimensions. Very fine meshes can be specified in the areas of highest interest such as pier 3 in
this application. Coarse meshes can be used in other areas to reduce computational cost. Local
refinements can be further defined based on control volumes, surfaces, or edges.

The region in the vicinity of pier 3 was separated from the rest of the domain in the CFD model
to facilitate data exchanges for the subsequent FSI analyses and to control the mesh size. Internal
interfaces were placed on the boundaries of that subregion in contact with the outer global
region. For the CFD modeling the extended global domain was used. However, for the FSI

35



computations, only the subregion around pier 3 was used. Figure 32 shows the cross-section
through the volume mesh in the global domain. The section marked with lighter (purple) color is

the subregion used in the FSI modeling.

(5

Detailed mesh

Figure 31. Graphic. Surface mesh of the riverbed in CFD model.

Figure 32. Graphic. Cross-section through the finite volume mesh used for the CFD model.

Figure 33 shows a close-up view of the mesh in the subregion. Mesh in that region is
significantly denser than in the rest of the global model. The subregion contained approximately

2.2 million cells, while the global model covering a much larger volume included nearly 4.1

million cells.
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Figure 33. Graphic. Cross-section through the subregion used in the FSI computations.
Riprap Geometry Development

As with the validation effort, the description of the riprap within the numerical models was a
significant undertaking. These sections describe the development of these models from the
design drawings with adjustments based on sonar soundings.

Geometry Based on Design Drawings

The riprap extent and surface slopes of the rock slope protection (RSP) were initially modeled
after the design drawings shown in figure 34 and figure 35. Over 2,500 rocks were included in
the CFD model. They were placed in the scour hole semi-manually, meaning smaller clusters of
rocks were copied and changed slightly to introduce some variation in their shape and
orientation. Once the desired layout was achieved, the STAR-CCM+ surface wrapper was used
to smooth the geometry and create a continuous bed boundary. The final triangulated surface of
the river bed is shown in figure 36. As noted in chapter 4, the rock geometry is simplified. The
shape and orientation of the rocks are much less random than they are in reality and void spaces
between the rocks may be larger allowing for more flow within the riprap voids.

Geometry Based on Field Validation

In many riverine environments, as-built conditions may differ from design plans. To investigate
as-built conditions, multiple sonar technologies were employed to characterize the bed at the
pier. Initially, it was hoped that the sonar would help both in better defining the void spaces
within the rock riprap installation, as well as for confirming the overall extent and surface shape
of the riprap apron installation.
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Figure 34. Drawing. Design drawing (typical section) of riprap around pier 3.

]
T
i
Approx OG Ny -~
—— =] """ ¥ L O H#r‘-"
N . RCZraR e
Joe TR e SN TSNS
NS i .-.:--‘I.!nf'l-h'.'l-l;:!'
i
U u

RSP FABRIC

SECTION B - B

1" = 20

Figure 35. Drawing. Design drawing (section B-B) of riprap around pier 3.

Figure 36. Graphic. Geometry of the riprap used in the CFD model.
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With respect to the void spaces, none of the sonar technologies were successful because they
were not able to scan voids between the rocks; the void spaces were predominately out of the
equipment view lines. Geometries created based on these limited scans would reduce flow
between the rocks, effectively closing voids in the rock layers that do not show up in scans.

However, the sonar scans were successful in defining the overall riprap installation geometry.
The scans identified the extent of the riprap and surface slopes on each side of the pier. The
shape of a new embankment was also identifiable. Figure 37 shows a point cloud based on sonar
scanning of the bed.

Pier base

BlueView Sonar

Figure 37. Image. Sonar image of pier 3 with installed riprap.

The scans reveal that the edges of the riprap installation differ from the design plans. An
embankment not represented in the design drawings is also apparent in the sonar scans. Figure 38
shows the extent of the boundaries of the riprap installation based on the scan. These boundaries
were compared with the extents included in the initial CFD model based on the design plans. The
bed geometry and riprap boundaries in the model were adjusted with this new information,
including the addition of the embankment on the right (looking downstream) of pier 3.

Figure 39 shows the updated model geometry of the riprap installation near pier 3. Most of the
rocks are fixed. As described in chapter 4, movable rocks are placed in key locations for
evaluating conditions under which they begin to move. The location of 40 movable rocks for this
CFD model are also shown figure 39, in a darker shade.

According to the design documents, the average rock size for the riprap installation was specified
to be 1 ton.!) For typical rock density, 1-ton rocks are roughly equivalent to 3-ft (0.91-m)
spheres or somewhat larger considering the irregular rock shapes. As a reference, the pier
foundation is 6 ft (1.8 m) wide, meaning that the median rock size in the riprap installation
should have dimensions slightly more than half of the pier footing width. In accordance with the
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specified riprap gradation, some rocks should be larger than 1 ton and some rocks may be
smaller.

RSP_Blue View Survey
river Bed Boundary

Figure 39. Graphic. Extent of riprap in the updated CFD model with movable rocks.

Inspection of the photo documentation record during the riprap installation (e.g., Figure 27) and
the sonar results (e.g., Figure 37) suggests that few rocks at the site exceed 1 ton and many are
smaller. Because of this observation, 10 movable rocks in each of 4 sizes (1 ton, 0.8 ton, 0.6 ton,

and 0.4 ton) were included in the model.
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Movable Rock Placement

The placement of movable rocks for this case study followed the same procedure described in
chapter 4. After wrapping, the surface of the rocks was extracted and used in LS-DYNA as a
rigid boundary. Approximate locations for the movable rocks were selected before the extraction.
Subsequently, the movable rocks were dropped into position in the LS-DYNA simulation so that
their final position is semi-random. The simulated drop assures that the rocks are in an
equilibrium position before the FSI simulation starts. Figure 40 shows these positions and the
rock sizes in the vicinity of pier 3. Some of the movable rocks protrude slightly above
neighboring stationary rocks. Several of the smallest rocks (0.4 ton) rest at the front edge of the
riprap installation and are entirely exposed to the flow.
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Figure 40. Graphic. Placement of movable rocks around the pier.
COMPARISON OF CFD AND 2D MODEL HYDRAULICS

The three-dimensional (3D) CFD analyses were compared with the results of two-dimensional
(2D) analyses performed by Caltrans.*% The 100-year discharge of 30,100 ft3/s (852 m®/s) was
used in both models. Table 4 summarizes the estimated depths upstream and downstream of the
bridge. Both models show a significant elevation change between locations upstream and
downstream of the bridge, but the 2D model depths are higher than the 3D model depths.
Because of the higher upstream depths, the 2D model predicts that the bridge will be overtopped
at the 100-year event, and the 3D model predicts the bridge will pressurize the flow under the
bridge but will not overtop it.
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Table 4. Comparison of 3D and 2D modeling results for the 100-year discharge.

Parameter 3D CFD 2D
Depth downstream of 11.5(3.5) 14 (4.3)
bridge, ft (m)

Depth upstream of 18 (5.5) 24 (7.3)
bridge, ft (m)
Bridge overtopping? No Yes

Caltrans noted that for the 2D modeling the downstream boundary water surface elevation was
estimated using a normal depth computation and a 0.3 percent slope, which may have resulted in
an error of up to 2 ft (0.61 m).®? This might explain some of the differences between the 3D and
2D models downstream of the bridge.

3D CFD calculations were performed with a time step of 0.1 s. Quasi-steady state conditions
were achieved in about 700 s of simulated time. It is not trivial to extract depth-averaged
velocities (and other quantities) from 3D modeling to compare with the 2D model results.
Therefore, the depth-averaged velocity was only calculated for a cross-section under the bridge
as shown in figure 41. The velocities are in agreement only on the outer side of pier 3. However,
for much of the cross-section, the velocity obtained in the 3D analysis was significantly higher
averaging approximately 17.5 ft/s (5.3 m/s) compared with approximately 13.5 ft/s (4.1 m/s) for
the 2D analysis. Higher velocities under the bridge estimated by the 3D model are consistent
with the lower depths noted previously in table 4.
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Figure 41. Graph. Depth-averaged velocity estimates under the bridge (looking upstream).
The results shown in figure 41 suggest that rock riprap designed using the 2D modeling results

could be under-designed if the 3D results are a better representation of expected circumstances
during the 100-year event. Furthermore, the occurrence of pressure flow for the 100-year event
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may contribute to under-designed rock riprap. The FSI modeling will be used to explore further
the possibility that the rock might be under-designed.

ANALYSIS AND RESULTS

The coupled FSI (CFD and CSM) models were implemented for the Middle Fork of the Feather
River for the 100-year flood and two alternative scenarios. The results of the CFD and CSM
analyses are described in this section.

Results of the CFD Analyses

From the initial CFD analyses, hydrodynamic forces on all movable rocks were extracted in a
local coordinate system aligned with pier 3 and flow under the bridge. Figure 42 shows the
location of the rocks with highest forces in each weight category from the CFD simulation of a
100-year flood event. For the 100-year event, the average inlet velocity was 11.1 ft/s (3.38 m/s).
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Figure 42. Graphic. Location of the rocks with the highest forces in CFD analysis.

Table 5 summarizes the forces on the rocks, most of which are located to the west of the pier.
Although these are the rocks experiencing the highest forces, other factors such as force angle
and rock position influence which rocks may move first. The table also includes ratios of the
hydrodynamic force on the rock to its weight. For 0.4-ton rocks weighing 800 Ibf (3560 N) the
ratios range from 0.77 to 0.87 while for the 1-ton rocks weighing 2000 Ibf (8900 N) the ratios are
lower and range from 0.62 to 0.65. As expected, it appears that the most vulnerable rocks are the
smallest. Finally, the table includes information on rocks that move based on the FSI analysis
discussed in the following section.

Two additional CFD analyses were conducted using incrementally higher inlet velocity and flow

values. Table 5 also summarizes the resulting forces on the identified rocks and the ratio of the
resultant forces to the rock weights. Holding the water surface elevation constant, the discharge
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and inlet velocities were increased by 10 percent (1.1 times the 100-year) and 20 percent (1.2
times the 100-year).

The objective of increasing the discharge and inlet velocity was to attempt to identify at what
conditions the 1-ton rocks will begin to move. Small changes (10 and 20 percent increases) were
used to avoid several potential problems. For example, an increase in discharge may make it
difficult to compare one result to another because flow under the bridge might be different in
these conditions if the entire river is modeled. In addition, overtopping of the bridge may occur
for larger floods changing the velocity profile around the bridge.
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Table 5. Forces on the critical rocks.

Force (Ibf x 10-3)* Ratio to Rock Weight**
Rock
Rock | Weight IQ:100 X | QuoY | QuoZ Q100 1.1 Q100 1.2 Qo0 Q100 1.1 1.2
" (Ibfy** orce | Force | Force | Resultant | Resultant | Resultant Q100 Q100
5 2,000 | -196 551 1,146 1,285 na 1,488 0.64 | <0.67 | 0.74
6 2,000 -13 378 1,236 1,292 1,467 1,593 0.65 0.73 0.80
8 2,000 na na na na 1,431 1,445 <0.62 0.72 0.72
9 2,000 | 294 326 1,157 1,238 1,346 na 0.62 0.67 | <0.72
13 1,600 20 247 843 879 980 969 0.55 0.61 0.61
17 1,600 -90 382 831 919 975 1,016 0.57 0.61 0.63
19 1,600 -34 562 1,202 1,328 1,613 1,728 0.83 1.01 1.08
25 1,200 | -213 297 775 856 998 1,045 0.71 0.83 0.87
26 1,200 -85 243 775 818 960 1,031 0.68 0.80 0.86
27 1200 na na na na na na <0.68 | <0.79 | <0.86
29 1,200 -54 238 798 834 946 1,056 0.69 0.79 0.88
35 800 97 281 629 697 807 910 0.87 1.01 1.14
37 800 na na na na na na <0.77 | <0.82 | <0.98
39 800 22 180 596 622 748 845 0.78 0.94 1.06
40 800 22 270 551 613 654 782 0.77 0.82 0.98
*1 Ibf = 4.45 N.

**Shaded ratios indicate rocks that moved from their location based on the FSI analysis.
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Another potential problem is achieving realistic 3D CFD multi-phase simulation results in a
reasonable amount of time. In VOF free surface simulations, specific conditions are set at a flow
inlet, while fairly weak outlet boundary conditions are set. The outlet boundary conditions are
normally either a specified pressure or a zero-gradient condition where the mass flow arriving at
the outlet simply passes through with no velocity gradient, as though it is a fully developed flow
field. A free surface or water elevation cannot be specified at an outlet. The problem with this is
that for subcritical flows, the flow in the domain is controlled by the outlet conditions, most
importantly the water elevation, that, while known, is not enforced by the software.

To overcome this challenge, the proper specification of the inlet water level and initial conditions
in the entire domain is critical. A primary reason is that these flows are normally highly
convective and information slowly propagates numerically from the outlet upstream to the inlet.
An initial condition that is too far from the final solution may cause a sudden jump in water level
at the inlet boundaries raising questions about the validity of the solution domain. Figure 43
illustrates this behavior for an analysis of the entire domain when the discharge was increased by
60 percent above the 100-year conditions.
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Figure 43. Graphic. Water surface (velocity overlain) for condition of 1.6 times the 100-
year flood.

A second reason this challenge is difficult to overcome is that the CFD runs require several days
on high performance computers to converge to a quasi-steady state. One solution is to take an
iterative approach to adjust the water height at the inlet and the water height in the domain by
changing the resistance of the flow in the domain (bed roughness, surface slope, and other
solution parameters). However, for this approach to be practical, the size of the domain must be
reduced. The reduced domain combined with the iterative approach provides more control over
the inlet conditions and, ultimately, a more direct relationship between the inlet velocity and the
velocities around the rock riprap installation.

Results of the FSI Analyses

As described previously, only the region closest to the pier with highest scour risk was used in the
FSI modeling. The subdomain of interest together with velocity vectors for the 100-year flood on
the outer boundaries are shown in figure 44. Velocities in the plane just above the riprap rocks are
shown in figure 45. Average inlet velocity on the frontal face for that case was 11.1 ft/s (3.38 m/s).
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Figure 44. Graphic. Velocity vectors on the interface between the FSI subregion and the
CFD domain.
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Figure 45. Graphic. Velocity vectors on the plane just above the rocks.

Figure 46 shows snapshots from the FSI simulation for the 100-year flood event. Of the 40
movable rocks in the simulation, only 2 moved from their placed location: rock 25 (0.6 ton) and
rock 19 (0.8 ton). Another two—rock 5 (1 ton) and rock 37 (0.4 ton)—only moved locally. Table
5 provides the rock weight ratios and indicates which rocks moved during this simulation.
Although all of the rock weight ratios were less than 1, the position and moment arms for the
particular rocks contributed to their movement.
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Figure 46. Graphics. FSI simulation for the 100-year discharge.
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In the FSI simulation for 1.1 times the 100-year flood, movement of 6 out of the 40 movable
rocks was detected. Five moved away from their initial positions within the simulated time:
rock 5 (1 ton), rock 19 (0.8 ton), and rocks 25, 27, and 29 (0.6 ton). Rock 37 (0.4 ton) moved
locally. Figure 47 shows several snapshots from that simulation. Table 5 provides the rock
weight ratios and indicates which rocks moved during this simulation. This result also
demonstrates that the rocks with the highest forces are not necessarily the ones that will move
first because gravity and the reaction forces of surrounding rocks also play an important role in
initiating and maintaining motion.

This FSI simulation was not conducted by slowly ramping up the velocity from the 100-year
flood simulation as would be accomplished in physical modeling. Rather, a new simulation is
started with new flow and boundary conditions. At current levels of computational power and
software capabilities, a gradual ramping up of water velocity is too expensive. However,
restarting at new conditions may introduce anomalies. For example, movable rock behavior at
higher inlet velocities may appear to be unrealistic as instead of rolling over the neighboring
rocks they are leaving their positions at steeper angles.

In the next case, the discharge and velocities at the inlet were multiplied by a factor of 1.2 times
the 100-year simulation. At this faster flow, with more rocks moving, the mesh around the
moving and colliding rocks experiences drastic deformations causing frequent simulation failure.
Manual intervention was required to restart the analysis with modified mesh conditions to push
the simulation forward. Because of these difficulties, this flow condition was only run for
slightly more than 1.0 s of real time.

The FSI analysis indicates that eight rocks moved during the simulation; however, the simulation
was not sufficiently long to conclude that other rocks would not have moved given more
simulation time. Only a single 1-ton rock moved: rock 5. Also, only one 0.8-ton rock, rock 19,
was set in motion. Four 0.6-ton rocks (25, 26, 27, and 29) moved and two 0.4-ton rocks (35 and
37) moved. Figure 48 shows the snapshot series for this flow condition. Table 5 provides the
rock weight ratios and indicates which rocks moved during this simulation.

One objective for applying the FSI numerical modeling to the Middle Fork Feather River case
study was to evaluate whether these tools could be effective for evaluation or design of riprap
apron installations to protect bridge abutments and piers. The riprap installation at pier 3 of the
bridge was intended to be stable for the 100-year flood event. The observations from the 100-
year simulation were that only 2 rocks out of the 40 movable rocks moved from their original
location and that neither of these rocks were the larger 1-ton rocks. When increasing the
discharge and inlet velocity by 10 percent and 20 percent, the numbers of rocks moving were 5
and 8, respectively. These observations suggest that the installation will protect the pier
foundation at the design discharge, but small increases in the discharge will likely result in riprap
installation instabilities and, possibly, failure. Recalling from the validation process for the
numerical modeling technique that rocks will move sooner in the numerical simulation compared
with the physical situation reinforces the notion that the riprap is adequate for the 100-year flood.
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Figure 47. Graphics. FSI simulation for 1.1 times the 100-year discharge.
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Figure 48. Graphics. FSI simulation for 1.2 times the 100-year discharge.
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Working against the conclusion that the riprap will protect the pier foundation is that the bed in
the numerical model is fixed except for the 40 movable rocks. Because of this finding, the
modeling may not identify fixed locations that might move causing an unraveling of the riprap
integrity. In addition, the fixed bed does not allow for evaluation of the potential for undermining
of the riprap resulting from an inadequately designed or installed filter layer.
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS

As stated in the introduction, the objectives of this research study were to:

e Assess Whether detailed FSI modeling can inform evaluation of rock riprap movement for
both the analysis of existing riprap aprons and for the design of new riprap aprons.

e Develop recommendations for the design, installation, and monitoring of riprap apron
installations at bridge piers and abutments, where feasible.

With respect to the first objective, the results of this study demonstrate that detailed FSI
modeling can inform evaluation of rock riprap movement for both the analysis of existing riprap
aprons and for the design of new riprap aprons. A new advanced computational methodology for
assessing failure risk of geometrically complex riprap installations was developed for this study.
This methodology solves the onset of motion analysis problem as a weakly coupled FSI problem.
In this method, the detailed flow force distribution on riprap rock surfaces including both
pressure and local shear on the solid surface was computed using the 3D CFD software STAR-
CCM+. The CFD software is coupled through file data exchanges with the computational
structural mechanics software LS-DYNA. The flow threshold for the onset of motion of riprap
rocks was computed for a set of representative rocks for both simplified laboratory and complex
field conditions.

Physical laboratory experiments were used to validate the FSI numerical modeling. Qualitative
agreement was demonstrated between the experiments and the simulations with the numerical
modeling estimating rock movement at somewhat lower velocities. Given the engineering
simplifications needed to run the numerical modeling over several weeks after problem setup, the
conservative numerical modeling result was considered to be good.

The FSI approach was tested on a complex field case study of a riprap installation at a pier for a
bridge over the Middle Fork of the Feather River. Preparation of the numerical model used sonar
scans of the as-built riprap installation. Observations of the effectiveness of this numerical
modeling application include:

e Sonar scans of the riprap installation were useful in defining the boundaries of the riprap
at the site and confirmation of as-built conditions was useful for establishing the model.
However, the data from the scan could not be used to generate the bed geometry of the
computational domain because the scans did not capture hidden interstitial spaces
between riprap rocks.

e The FSI analysis showed that the onset of motion did not necessarily occur for the rocks
with the highest flow force to weight ratios. The analyses confirmed that the reaction
forces that arise from the arrangement and position of rocks with respect to their
neighbors play a significant role in the initiation of motion.

e The numerical modeling suggests that the riprap installation at pier 3 remains stable
during the 100-year flood because only 2 of 40 movable rocks moved during the
simulation and none of those moved were the larger 1-ton rocks. However, this
conclusion is tentative because most of the bed around the pier is stationary in the model.
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e The numerical modeling suggested that the installation at pier 3 may unravel with small
increases of flow and inlet velocity. Increases of 10 and 20 percent over the 100-year
values resulted in the movement of 5 and 8 rocks, respectively. Not only do these represent
a significant portion of the movable rocks, but the movement included a 1-ton rock.

e It is unclear whether more rock motion would be observed if all rocks in the riprap
installation could move. The fact that some rocks are immovable likely creates a more
stable situation than would be experienced in the field.

e This FSI numerical modeling procedure does not account for the effects of undermining
whether filters (filter fabric or granular) are omitted or improperly installed.

Evaluation of the numerical modeling technique also considered its costs and availability. The
cost is certainly much more expensive than a relatively quick calculation using current riprap
sizing formulas. The method is also not broadly available to the design community because high
performance modeling facilities and expert modeling skills are required. Therefore, candidate
applications for using FSI analyses to assess new or retrofit riprap installations would be those in
which the project cost is significant or the risks of failure are catastrophic.

With respect to the second objective, the study identified recommendations for improving the
design, installation, and monitoring of riprap apron installations at bridge piers and abutments:

e Verifying as-built conditions is important for assuring that the intended level of
protection has been achieved. For the Middle Fork Feather River case study, the
photographic record of the installation combined with sonar scan images indicated that
the riprap installation was not installed as designed. A larger fraction of rocks smaller
than 1 ton seemed to be present than the gradation permitted.

e Monitoring for changes in stream morphology is critical because changes may
significantly alter conditions from those anticipated at design.

e Recording the date of rock riprap installations and monitoring the performance of the
installations after major floods is needed to insure the riprap apron continues to provide
the needed protection.

e Sonar technologies may be a useful means for riprap monitoring.
e Rock riprap installations for piers are not recommended by FHWA policy.

e The FSI modeling approach has the potential for supporting the evaluation of riprap
sizing equations such as those in HEC-23. However, the limited experiments in this study
do not provide sufficient basis for such an evaluation.

The FSI numerical modeling approach shows promise for supporting the design and evaluation
of riprap installations for bridge abutments and piers. As computer capabilities increase and more
detailed representations of rock riprap installations become more practical, the approach should
continue to increase in its utility. At such time as the computational requirements are reduced
sufficiently and the modeling representation of riprap and other countermeasures is sufficiently
accurate, this technology should be tested for use in further evaluation of countermeasures and
for the development of design guidelines.
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APPENDIX A. ANNOTATED BIBLIOGRAPHY

This appendix contains an annotated bibliography of literature addressing riprap as a
countermeasure for pier scour and related topics. Much of this literature describes failure Modes
and layout guidelines.

RIPRAP AT BRIDGE PIERS

Riprap is commonly used to protect bridge piers from scour and has been studied for decades. In
1929, Engels produced one of the earliest reports of the use of riprap at bridge piers that was
based on the results of hydraulic model experiments undertaken in 1893.2% Prior to these
experiments, it was the general opinion that the greatest danger to pier foundations occurred at
the downstream end of the pier rather than the upstream end and it was common practice to place
riprap around the piers up to the low water mark. Engels concluded that the protection was most
needed at the upstream end of the pier and that the riprap should be placed flush with the bed.

In 1959, de Sousa Pinto completed his thesis “Riprap Protection Against Scour Around Bridge
Piers” under the supervision of Dr. C. J. Posey at the State University of lowa.™ His study
examined the use of riprap protection against erosion around a circular pier. Riprap layouts
around the pier were circular with “filter” grading with respect to the sand bed. Various layout
diameters and levels of placement were studied and a correlation was obtained between the
needed size of the protection and the dimensions of the unprotected scour hole. An exploratory
study of possible modifications on the design of the protective layer was undertaken. Among the
conclusions from this study were as follows:

e The Terzaghi-Vicksburg riprap specifications for a horizontal layer around the pier
provide an efficient protection against scour. It was observed, moreover, that a certain
deviation from the Terzaghi-Vicksburg specifications can be tolerated without
appreciable loss of filter properties.

e Unless the velocity of flow is too high for the size of the riprap, the stability of the layer
as a whole depends on the conditions at the edge. When the edge is unexposed or leveled
with the bed, no movement of the particles is observed. If the sand is eroded around the
layer, then failure of the protection starts to take place.

e Foracircular pier, a criterion was obtained to determine the required areal extension of
the riprap protection. The riprap layer should be extended to the dimensions of the
unprotected scour hole at the corresponding level of emplacement. All indications are
that such a criterion can be extended to other pier geometries; however, further study is
recommended before a definite conclusion can be reached.

e A testindicated the possibility of modifying the riprap layer by sloping down the layer
and reducing the thickness toward the edge. Future study should indicate the most
convenient solution from the points of view of safety and economy.

The Schoharie Creek bridge failed in 1987 and was attributed to inadequate pier riprap, resulting
in a significant increase in the interest in riprap protection of bridge piers.® The failure of the I-
90 bridge over Schoharie Creek near Albany, New York on April 5, 1987, cost 10 lives. The
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foundations of the four bridge piers were large spread footings without piles. The footings were

set into the stream bed in very dense ice contact stratified glacial drift, which was not considered
erodible by designers at the time. However, subsequent flume studies of samples of the stratified
drift showed that some material would erode at velocities that might occur at design flood flows.

Design plans for the Schoharie Creek Bridge called for the footings to be protected with riprap.
Over a period from 1953 to 1987, much of the riprap was removed by high flows. The National
Transportation Safety Board (NTSB) gave as the probable cause “...the failure of the New York
State Thruway Authority (NYSTA) to maintain adequate riprap around the bridge piers, which
led to severe erosion in the soil beneath the spread footings. Contributing to the severity of the
accident was the lack of structural redundancy in the bridge.”

The NYSTA inspected the bridge annually or biennially with the last inspection before the
failure on April 1, 1986. A 1979 inspection by a consultant hired by the New York State
Department of Transportation indicated that most of the riprap around the piers was missing;
however, the 1986 inspection failed to detect any problems with the condition of the riprap at the
piers. Based on the NTSB findings, the conclusions from this failure are that inspectors and their
supervisors must recognize that the presence of some riprap does not necessarily make a bridge
safe from scour, and inspectors must be trained to recognize when riprap is missing and the
significance of this condition.

As reported in 1993, Ruff and Nickelson conducted experiments to examine the effect of riprap
size and coverage on reducing local scour at bridge piers.*®) Pier diameter, bed material size, and
riprap size were varied during the study. Scour depths with no riprap were compared with scour
depths with a single layer riprap mat with 100- and 50-percent areal coverage. They found that
scour depths could be reduced 40 to 99 percent by placing a riprap mat around the pier that is 5
to 8 times the diameter of the pier.

They also concluded that the extent of riprap coverage is an important parameter in predicting
scour depths. Scour essentially ceased when the riprap slid or rolled into the scour hole and
formed a mat of approximately 100 percent of riprap coverage in the scour hole when it started at
50-percent coverage on the bed. This study emphasized the need for periodic inspections of
bridge pier riprap protection because time and floods can remove individual rocks in a riprap mat
and reduce the coverage, thereby reducing the degree of protection originally intended.

Parola investigated the stability of riprap at bridge piers by considering the influences of the 3D
flow on the trajectory of bedload sediment, the seepage gradient within the streambed, and
boundary stresses.*”) Maximum mean boundary stresses were inferred from velocity
measurements to assess riprap stability. The stability of riprap was considered with respect to
several dimensionless parameters. Relative size of the rock compared with the pier and elevation
of riprap placement were shown to significantly influence the stability of riprap. Parola also
made recommendations regarding the minimum extent of riprap protection required to protect
the streambed around piers.

Parola also noted that the local pressure variation on the streambed can be substantial. He built
on the work of others who showed that the change in pressure along the streambed can vary
significantly from the front corner of a pier to the side of the pier and that such pressure
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differentials could set up seepage gradients that cause the removal of fine-grained material from
beneath the riprap protection.81% Parola concluded that pressure fluctuations on the streambed
near separation zones and under wake vortices could cause streambed material to migrate
through riprap protection. To prevent this migration, a properly designed filter should be placed
below the riprap protection, especially near corners of rectangular piers and in the region of wake
vortices. Riprap should be extended to cover regions of high boundary stresses and regions
where sediment is diverted from the streambed. Parola noted that the extent of the riprap layer is
sensitive to the angle between the approach flow direction and the longitudinal axis of the pier;
therefore, all likely angles of attack should be considered when designing riprap protection.
Protection of the region downstream of the pier is required for circumstances in which scour
holes downstream of the pier are unacceptable.

Bertoldi et al. completed a study of several scour protection countermeasures as remedial
alternatives for scour at bridge piers.?® Countermeasures were evaluated in terms of failure
Modes and techniques for analyzing expected stability. Alternatives to riprap vary in size, shape,
and mass as well as in their design flexibility. The authors evaluated grout mats and grout bags,
extended footings, tetrapods, cable-tied blocks, high-density particles, tile mats, and anchors
(used in conjunction with other countermeasures). While riprap is the most common and best
documented scour protection at bridge piers, alternatives are used for many situations, such as
when riprap is not available, unreasonable riprap sizes would be required for high velocity
streams, or riprap placement would be difficult. The study provided insight into the overall
behavior and effectiveness of various countermeasures:

e Confirmed previous recommendations to extend the countermeasure at least two pier
widths laterally from the pier to provide adequate protection from local scour.

e Confirmed the need for filter fabric (or other filter material) to seal voids between the
pier and countermeasure.

e Determined that two techniques were appropriate for analyzing stability: (1) particle
displacement criteria patterned after Shields and Isbash incipient motion formulas and
(2) drag coefficients to characterize overturning forces. Both of techniques involve
dimensionless parameters that can potentially be transferred from laboratory to full-scale
conditions.

e Confirmed that loose particle countermeasures such as rock riprap, tetrapods, or other
precast concrete particles and high-density particles can be analyzed by particle
displacement criteria and can be compared with one another by using an equivalent
spherical diameter as a characteristic size.

Chiew published a paper addressing the mechanics of riprap failure at bridge piers.?? In this
study, experiments conducted in a laboratory flume identified three different Modes of riprap
failure at a cylindrical bridge pier. Acting alone or in combination, these Modes of failure are as
follows:

e Shear failure: the riprap stones are too small or light to withstand the down flow and

horseshoe vortices associated with the pier scour mechanism under the given flow
condition.
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e Winnowing failure: winnowing of the underlying finer bed material through the voids or
interstices of the coarse riprap stones.

e Edge failure: the instability at the edge of the coarse riprap layer stones and the finer bed
material initiates the formation of a local scour hole that affects the stability of the riprap.

The study proposed a semi-empirical method to size stones for riprap protection. The
experimental data showed that a thick riprap layer can prevent winnowing in the absence of a
filter layer. The thick riprap layer can also sustain a partial breakup of the layer with the
capability of rearmoring the scour hole, preventing a total disintegration of the riprap layer.
Finally, the study proposed empirical relationships that describe the effects of riprap thickness
and cover on the stability of the riprap layer.

In a subsequent effort, Lim and