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APPROXIMATE CONVERSIONS TO S| UNITS

Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 254 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in® square inches 645.2 square millimeters mm’
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi square miles 2.59 square kilometers km?
VOLUME
floz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m’
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
oz ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius “©
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m’ cd/im®
FORCE and PRESSURE or STRESS
Ibf poundforce 445 newtons N
Ibffin? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m> cubic meters 35.314 cubic feet ft®
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds b
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
“© Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m’ 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in?

*Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.

Revised March 2003)
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TFHRC  Turner-Fairbank Highway Research Center

USBR United States Bureau of Reclamation

H:V horizontal to vertical (ratio)

VOF volume of fluid

WFLHD Western Federal Lands Highway Division

WSRCO Washington State Recreation and Conservation Office

Symbols

(Reg)r particle (grain) Reynold’s number ratio

(SG—1) specific gravity minus 1 ratio

Auapy adjacent cross-sectional area

Aelj ELJ area orthogonal to the flow

Ar area ratio

Au area in the upstream cross section

Aup effective projected area of the upstream face of the engineered logjam unit
Cp drag coefficient

(Cp)r drag coefficient ratio

Dy particle diameter ratio

FB freeboard requirement

Fs buoyancy force of the submerged portion of the engineered logjam
Fp drag force

Fp-crp computational fluid dynamics modeling drag force
(Fp)r drag-force ratio

Fs resisting force

Fr.crp computational fluid dynamics modeling transverse force
Fr Froude number

Frm Froude number for the model

Frp Froude number for the prototype

Fry Froude number ratio

Fr transverse force
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force in the z direction

gravitational acceleration

gravitational acceleration ratio

bank height

design height of the engineered logjam

minimum height of the engineered logjam unit based on the freeboard requirement
minimum height of the engineered logjam unit based on a stability model
surface roughness of the engineered logjam
characteristic length scale

length of an ELJ unit

length ratio

spacing length between ELJ units

total engineered logjam mass

Reynolds number

hydraulic radius ratio

safety factor

slope ratio

torque in the x direction

torque in the y direction

torque in the z direction

velocity in the channel adjacent to the engineered logjam
velocity at failure

characteristic velocity

velocity ratio

characteristic velocity in the model

characteristic velocity in the prototype

velocity in the upstream approach

bed width

base width

measure of orientation of the engineered logjam with respect to flow direction
characteristic flow depth

upstream flow depth

unit weight of water ratio

porosity of the engineered logjam

dimensionless shear stress ratio

friction coefficient between the ELJ and the streambed
density of water

average density of the engineered logjam unit

density of water ratio
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CHAPTER 1. INTRODUCTION

In gravel-bed rivers, natural logjams can form stable “hard points” within the channel migration
zone and limit bank erosion (Abbe et al. 2003a). It was this observation of natural processes that
led to the expanding use of engineered logjams (ELJs) to address channel instabilities, including
bank erosion, entrenchment, head cutting, and other undesirable trends that not only reduce the
ecological function of rivers and streams but also threaten transportation and other infrastructure.

ELJs have been deployed to protect streambanks from erosion while increasing channel
complexity and the ecological value of the riverine environment. While experience in designing
and constructing ELJs is increasing, as discussed in the literature review in chapter 2, significant
uncertainty about their design and long-term performance remains. Much of this uncertainty
results from the complexity and variability of potential ELJ configurations as well as the unique
nature of each site at which they may be applied.

This report describes an application of ELJs in two reaches of the Hoh River in Washington State
intended to protect the Upper Hoh River Road. To support the design of this project, the Western
Federal Lands Highway Division (WFLHD) of the Federal Highway Administration (FHWA)
requested that FHWA’s Turner-Fairbank Highway Research Center (TFHRC) investigate
selected aspects of ELJ design procedures to not only support the Upper Hoh River Road project
but also add to the knowledge base for other ELJ projects.

The remainder of this chapter provides a summary of the research objectives for this project and
a description of the Upper Hoh River Road project. Chapter 2 summarizes a literature review on
ELJs as well as modeling and analysis of ELJs to date. Chapter 3 and chapter 4 describe the
physical and numerical modeling, respectively, conducted for this project. Chapter 5 summarizes
the results of the experiments and provides design recommendations. Finally, chapter 6
summarizes the project. Appendix A provides design details from a WFLHD project, and
appendix B illustrates recommended practices from this research through a design example.

RESEARCH OBJECTIVES

The research described in this report was conceived and implemented specifically to support an
ELJ design for protecting the Upper Hoh River Road and, more generally, informing similar
future applications. However, the complexity of the structures and unique nature of each site will
limit application of the findings. These limitations are discussed in chapter 5.

Given this context, the research objectives of this project were as follows:

e Validate the ELJ design proposed for the Upper Hoh River Road project.

e Identify improvements to the design through both physical and numerical modeling.

e Develop design recommendations, including drag coefficients, applicable to the Upper
Hoh River Road project and other similar projects.

WFLHD designed the ELJ units for the Upper Hoh River Road project using the resources
currently available for design. However, these resources (described in chapter 2) are often
anecdotal in nature and not easily adapted to situations different from those addressed in the



reference. Therefore, significant uncertainty exists. One objective of this study was to validate
the WFLHD ELJ design to reduce some of this uncertainty.

This study implemented physical and numerical modeling experiments as described in chapter 3
and chapter 4, respectively, to validate the WFLHD ELJ design and identify improvements to it.
Improvements evaluated included anchoring, spacing, configuration, and other ELJ design
variables.

Finally, the results of this research are formulated as design recommendations. Where
generalizations are possible, the limits of those generalizations are described.

BACKGROUND ON THE UPPER HOH RIVER ROAD PROJECT

One of the major roads leading into Olympic National Park in Washington State is Upper Hoh
River Road, located off US Highway 101 on the western side of Olympic National Park. The
road is the only entryway into the Hoh Rain Forest and to the Park Rain Forest Visitor Center.
Upper Hoh River Road is approximately 18-mi long and parallels the Hoh River as shown in
figure 1.!

Road management to provide constant, safe access to residents, businesses, and park visitors has
become increasingly difficult over the past 20 yr. Portions of the Upper Hoh River Road are
located within and adjacent to the Hoh River channel migration zone. The location, combined
with the growing frequency and severity of winter storm events (most recently in 2004, 2006,
2007, and 2009), has resulted in an increasing number of roadway washouts that either
completely prevent access or create unsafe road conditions. In some cases, the damage has
resulted in road closures, preventing access to the Hoh Rain Forest and the Hoh Rain Forest
Visitor Center for weeks at a time (and for many months in 1996). Response to these storm
events and efforts to maintain the road in its current location have resulted in a continuing outlay
of limited maintenance funds to ensure safe access and mitigate any adverse effects that road
preservation activities may have on threatened and endangered fish species.

In 1998, the Hoh Tribe requested that the U.S. Bureau of Reclamation (USBR) prepare a
geomorphic study to better understand the existing and historical channel processes on the Hoh
River and how human activities may have altered those processes. The study identified areas of
risk for further lateral erosion in the historic channel migration zone and provided general
management considerations to address these areas of concern (USBR 2004 ). The report also
recommended collecting and analyzing more detailed data to develop a management approach to
address such areas.

The Olympic National Park examined two methods to address roadway locations within the park
that are vulnerable to damage from severe storm events: a site-specific approach and a natural
systems engineering approach.? The report concluded that a natural systems engineering

'WFLHD. 2016. Upper Hoh River Road Bank Stabilization: Hydraulics Report. Unpublished internal draft
report.

National Park Service. 2009. Olympic National Park Road Hazards and Solutions Report. Unpublished
internal report.



approach would likely provide a more long-term fix while improving ecological conditions.
Six sites along the Upper Hoh River Road within the park were included in this evaluation.

In September 2013, WFLHD developed a comprehensive road management strategy to mitigate
high-risk sites along the Upper Hoh River Road. The strategy prioritized sites for treatment,
suggested a range of treatment options for each site, and presented initial cost estimates for each
option.® A more recent study involved the selection and refinement of treatment options for two
sites: mile post (MP) 3.7 to 4.1 (MP 4.0 site) and MP 7.7 to 7.9 (MP 7.8 site), shown in figure 1.
An example of the bank degradation is shown in figure 2.
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TIGER/Line data; USFS Road Data; Natural Earth Data; U.S. Department of State Humanitarian Information Unit;
and NOAA National Centers for Environmental Information, U.S. Coastal Relief Model. Data refreshed May 2020.

Figure 1. Map. Upper Hoh River Road project location.

SWFLHD. 2013. Upper Hoh Road Bank Failure Risk Reduction Study. Unpublished internal technical
memorandum.



Source: FHWA.
Figure 2. Photo. Hoh River and Upper Hoh River Road.

Channel migration in the study section of the Hoh River has reached the valley limits to the
north, as seen in figure 1, with both focus locations on the outside banks of meander bends.
Down-valley translation of the river is controlled by large debris cones and fans. Bend locations
are high-energy environments that have the potential for recruiting woody debris.

WFLHD’s project planning and design team sought to create habitat complexity and a natural
wood riparian buffer between the road and the river channel. They wanted to avoid the use of
riprap as it did not offer the habitat benefits desired. The team considered an ELJ composed of
wood and several concrete dolosse (sometimes referred to as “dolotimber”) modeled after one
applied at another site, shown in figure 3. This installation is finished by covering the dolotimber
elements with a layer of coarse woody debris as shown in the photo. Based on the hydraulic
analysis and cost estimates, the team recommended installation of a similar ELJ with dolosse
ballast for both sites.

Figure 4 illustrates a detail of a single concrete dolos attached to timber logs with a chain,
making a log—dolos bundle. In some applications, concrete dolosse are quite large to meet the
desired level of stability, illustrated in figure 5. These units are sized and layered according to the
site needs.
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Figure 3. Photo. ELJ on the Skagit River in Washington State.
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Figure 4. Drawing. Detail of log—dolos bundle.
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Figure 5. Photo. Potential size of dolos.
The reasons for using a log-dolos bundle for the ELJ treatment included the following;*

e [t is the least expensive for effectively controlling bank erosion.

e It can accommodate a greater range of active flow channel migration and flow
impingement angles.

e It minimizes channel bed excavation.

e It can be placed directly into flowing water, thereby minimizing disruption to
environment.

e It does not appear to noticeably increase flooding or bank erosion on adjacent private
property.

e It does not appear to negatively affect stream processes.

e [t provides flow velocity reduction and habitat complexity.

e [t is adaptable to changing field conditions.

The MP 4.0 site has 2,570 ft of proposed bank stabilization, while the MP 7.8 site has 500 ft of
proposed bank stabilization, as shown in figure 6.5 At MP 4.0, the bank stabilization consisted of
two separate installations (C1 and C2). The MP 7.8 bank stabilization also had two installations

4“WFLHD. 2016. Upper Hoh River Road Bank Stabilization: Hydraulics Report. Unpublished internal draft report.
SWFLHD. 2017. Final Environmental Assessment: Upper Hoh River Road Project. Unpublished internal report.



labeled as C4 Downstream and C4 Upstream. The project included additional culvert- and
bridge-related work (labeled sites C3 and C5 in figure 6), but this is not discussed in this report.
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Figure 6. Graphic. Location of the river, road, and mitigation project components.
UNITS OF MEASURE

This research report uses customary (English) units. However, in limited situations, both
customary units and SI (metric) units are used or only SI units are used because these are the
predominant measures used nationwide and globally for such topics. In these situations, the
report provides the rationale for the use of SI units. Information on units and unit conversions is
provided in the SI Conversion Factors table in the front matter.






CHAPTER 2. LITERATURE REVIEW

FHWA researchers conducted a literature review to identify applications of wood for stream
stabilization, stability analyses conducted on ELJs, and physical and numerical ELJ modeling to
inform the design of this study. Each of these areas is discussed in the following sections.

USE OF WOOD FOR STREAM STABILIZATION

Widespread use of rock riprap as a tool for stream stabilization has led to a growing
understanding of the limits of this approach in creating habitat and the importance of natural
wood materials in stream and river ecosystems. Wood in the riverine environment can control
river gradient and store sediment (Abbe et al. 2003a). Natural logjams can form stable “hard
points” within the channel migration zone that can limit bank erosion. Channel migration at these
hard points is retarded, and the radius of curvature of river bends is reduced, forming tighter
meanders over time (Abbe et al. 2003a). Bennett et al. (2015) stated that ELJs can function
effectively as bank protection because they reduce the energy in near-bank regions, which may
facilitate bank stability, sediment deposition, and nutrient sequestration. However, they also
observe that ELJs can create scour holes around the perimeter of the structure where accelerated
flow, elevated turbulence intensities, and higher bed shear stresses occur.

Natural meander jams are also a principal cause of channel avulsions in Pacific Northwest rivers
(Abbe et al. 2003b). Depending on the location of these avulsions, they may be considered
undesirable for adjacent property owners or users of existing infrastructure.

Configurations of engineered wood structures vary greatly. Based on examples from nature,
several types of engineered structures using wood have been applied in the field. For bank
protection, these include continuous natural log revetments (e.g., bankfull bench jams, flow-
deflection jams, and log cribs) and interspersed structures (e.g., meander jams, flow-deflection
jams, and crib groins) (Abbe et al. 2003a). For grade control applications, engineered jam types
include log steps (trees that span the channel with each end being held in place by boulders,
bedrock, wood, or sediment) and valley jams (stable full-spanning jams). For flow manipulation,
engineered jams may include flow-deflection (partially spanning jams that deflect flow nearly
perpendicular to the channel axis), bankfull bench (partially spanning jams that form along the
margins of headwater channels), bar-apex (midchannel), and meander jams (form on the outside
bank at the downstream end of meander bends) (Abbe et al. 2003b).

For interspersed bank stabilization or protective structures, the gaps (spacing) between ELJs are
an important design consideration. The specific spacing of ELJ structures can be based on
experimental studies of flow deflection by rock groins and pile dikes (Abbe et al. 2003a).
Bennett et al. (2015) performed fixed-bed physical model tests on both single and multiple ELIJs
to evaluate the hydraulic effects of alternative configurations. Others provide specific structure
spacing recommendations in generalized form (USBR and U.S. Army Engineer Research and
Development Center [ERDC] 2016).

Other variations in the design and application of ELJs are in the uses of piles, ballast, and other
restraint systems. Wood and steel piles are increasingly being used to stabilize ELJs (Abbe et al.
2018). Cabling and chains have also been used to secure individual wood pieces to each other or



to ballast to create larger, more stable ELJ elements. Some have noted that, when cable is used in
wood structures, rather than using it for anchoring, cable should only be used to secure logs
tightly either to one another or directly to rock ballast so that all the components act as one
unified structure (Abbe et al. 2003a). Ballast may be included in ELJs in the form of sand and
gravel, rock, or concrete structures. A heavy, jack-like structure made of unreinforced concrete—
called a “dolos”—is used in some applications as ballast (Papanicolaou et al. 2018). Dolosse may
weigh more than 8 tons each and have arms that extend up to 8 ft.

The literature contains many descriptive examples of ELJ uses, including observations on their
performance for limited flood events that occurred following installation. Abbe et al. (2003b)
discussed four Washington State demonstration projects where the emphases were on bank
stabilization and habitat creation. Abbe et al. (2018) described the use of a pile-stabilized ELJ for
bank stabilization on the Hoh River to protect US Highway 101. Locations of other ELJ
installations include the Lower Cle Elum River, to recruit more natural wood downstream of Cle
Elum Dam (Kittitas Conservations Trust 2015); the South Fork Nooksack, to aid Chinook
salmon spawning habitat restoration (Washington State Recreation and Conservation Office
[WSRCO] 2009); the Deschutes River, to restore aquatic habitat complexity lost by historic
modification (WSRCO 2012); the Lower Elwha River, to restore critical salmon habitat
(WSRCO 2000); and the Cowlitz River, to stop bank retreat (Hall and Moler 2006). Gallisdorfer
et al. (2014) also describe an ELJ application on the Big Sioux River in South Dakota to mitigate
excessive bank erosion.

DRAG FORCES ACTING ON ELJS

Much of the literature provides general discussion of the forces acting on ELJs, such as drag and
buoyancy, but does not provide quantitative engineering guidelines for the design of ELJs. (See

Abbe et al. 2003a for an example.) The literature also states generalized engineering goals, such
as that key members in a logjam should not move during bankfull flow (Abbe et al. 2003b).

Otbher literature attempts to provide quantitative drag coefficients for ELJs. Gallisdorfer et al.
(2014) and Bennett et al. (2015) used physical scale modeling of ELJs to estimate drag
coefficients, including varying the definition of the “characteristic velocity” to compute the drag
coefficients. Bennett et al. (2015) concluded that, based on the measurements obtained in their
model studies and in light of previous work, drag coefficient values for ELJs of the type tested
should be in the range of 1 to 3 when using the spatially averaged flow velocity of the channel as
the characteristic velocity. However, the caution with these estimates and most others is that they
depend on the specific ELJ configuration and placement used. For the conditions tested, Bennett
et al. (2015) also noted that reduced near-bank flow velocities can extend downstream to
distances more than 30 times the height of the ELJ.

Shields and Alonso (2012) used cylinders, branched logs, and logs with rootwads in near-
prototype scale-model experiments in a grassed, trapezoidal channel. They compared results of
drag coefficients computed from their study with those from others. They also distinguished
between drag coefficients with and without blockage and considered “wave” drag when the
object was near the water’s surface. Wave drag increases the drag force on the ELJs. The
primary purpose of this study was to support the design of restraint systems for ELJs to avoid the
failures of many ELJ installations. The authors also discussed concepts for addressing
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uncertainty in estimating drag-force loading, including the use of safety factors and Monte Carlo
analyses. USBR and ERDC (2016) discussed safety factors generally in the range of 1.5 to 2.0.

Xu and Liu (2017) used computational fluid dynamics (CFD) to conduct numerical modeling of
the physical modeling conditions in Gallisdorfer et al. (2014), evaluating the utility of using CFD
for estimating drag coefficients. They found that mean velocity of the whole channel was less
representative than the local mean value experienced by an ELJ when computing the drag
coefficient. They suggested that the replacement of incoming flow velocity with the local mean
is reasonable and necessary because of the effect the side wall has on velocity distribution in
physical modeling.

In addition to the fluid forces acting on ELJs, the researchers found limited discussion of
geotechnical considerations for the design and placement of ELJs. The USBR and ERDC (2016)
lightly cover geotechnical analysis, including use of the Bank Stability and Toe Erosion Model.

A characteristic of many ELJs is that, rather than being solid, they have a porosity that allows
flow through the ELJ. This porosity, in turn, alters the drag characteristics of the structure. In the
physical modeling of Gallisdorfer et al. (2014), Bennett et al. (2015), Shields and Alonso (2012),
and Papanicolaou et al. (2018), researchers attempted to duplicate the porosity of the respective
prototype ELJs in their models. They then accounted for the porosity by using the area blocked
by the ELJ rather than the total ELJ dimensions to compute drag coefficients.

Xu and Liu (2017) investigated alternatives for representing porosity in three-dimensional (3D)
numerical modeling by considering three different modeling cases: a fully resolved case, a
porosity model case, and a solid barrier case. These cases ranged from the most complicated to
model to the simplest. The alternatives informed the appropriate representation of ELJs and the
level of effort needed to represent key phenomenon associated with ELJs. The fully resolved
case describes the ELJ in detail by representing each component (logs, etc.) of the ELJ
individually. The porosity model is an approach where the outer dimensions of the ELJ are
specified and, by assigning a permeability value to the interior, water flow through the structure
can be modeled. The third option represents the outer dimensions with the interior being
impermeable. Papanicolaou et al. (2018) performed limited 3D numerical modeling representing
the ELJ as a solid barrier.

ELJS AND SCOUR

Erosion and scour may undermine an ELJ, ultimately contributing to its failure. The physical
modeling of Gallisdorfer et al. (2014) included mobile bed testing to understand erosion and
deposition patterns near and downstream from an ELJ. They observed that the influence of the
ELJ extended downstream. Focusing on gravel-bed rivers, Papanicolaou et al. (2018) considered
the influences of both ELJ porosity and bed sediment nonuniformity to develop enhanced
formulas to predict scour for both clear-water and live-bed conditions. The study evaluated
porosity by comparing the results of ELJs with a porosity of approximately 70 percent to gravel
barb structures with a lower porosity between 30 and 40 percent. They analyzed four scour
equations and proposed adjustments that incorporated both porosity and sediment nonuniformity
to improve estimates of scour for the tested cases.
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USBR and ERDC (2016) discussed the use of existing pier and abutment scour equations for
bar-apex and bank-protection ELJs, respectively. Since the scour associated with such equations
assumes a solid pier or solid abutment, the scour estimate is expected to be conservative because
the porosity of many ELJs allows flow through the structure rather than around it. In addition,
USBR and ERDC (2016) also cited scour estimation examples.

PHYSICAL AND NUMERICAL MODELING OF ELJS

The variety of ELJ types and configurations creates a challenge for development of generalized
procedures for estimating site-specific loads and scour. There is also no broad concurrence
regarding the design events that the ELJ should survive. Therefore, physical and numerical
modeling has been an important tool for evaluating specific ELJ designs and installations.

Gallisdorfer et al. (2014) provided an overview of the appropriate methods for physical model
scaling for both fixed and mobile bed testing. Bennett et al. (2015) provided an expanded
discussion on these tests. Shields and Alonso (2012) performed several near-prototype, scale-
model tests in a grass-lined trapezoidal channel.

Both two dimensional (2D) and 3D numerical modeling have been applied to the design and
evaluation of ELJs. Abbe et al. (2018) described the use of 2D hydraulic modeling of an ELJ
project to determine the overall effects on flow depths and velocities near and downstream of the
ELJs. In this case, the ELJs were represented as solid objects.

Xu and Liu (2017) modeled the experiments of Gallisdorfer et al. (2014) using CFD to expand
the types and configurations of ELJs that could be cost-effectively represented in modeling
experiments. Papanicolaou et al. (2018) also performed limited CFD testing of a bar-apex ELJ.
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CHAPTER 3. PHYSICAL MODELING

Researchers performed three phases of physical scale modeling of ELJs as a channel-bank-
stabilization strategy at the J. Sterling Jones Hydraulics Research Laboratory, part of TFHRC.
Phase I focused on erodible bed flume experiments using fine sediment to study the effectiveness
of ELJs in deflecting impinging flow away from an unstable eroding bank into the main channel
and the effects and characteristics of scour formation around ELJ installations. Phase II used a
combined physical and CFD modeling approach to determine a drag coefficient for an ELJ
structure. Finally, phase III included experiments on coarse bed and bank material to analyze the
stability of ELJs under hydrodynamic loads and scour.

EXPERIMENTAL EQUIPMENT

The multifunctional flume system (MFS) shown in figure 7 features a 90-ft-long by 13-ft-wide
tiltable working platform for experimental setups. Channel modules of 3- or 6-ft wide can be
mounted on the working deck. Both channel section alternatives include a 30-ft-long sediment
recess test section.

The water circulation system shown in figure 8 includes a 30-ft flow inlet fiberglass headworks
consisting of a distribution plenum followed by a flume inlet contraction zone. Water level
measuring stations with ultrasound measuring devices are installed along the flume length. A
computer-operated louver gate regulates the flow depth at the outlet. Water is supplied to the
flume by a circulation system with a ground sump of 7,400 ft* and a pump with a maximum
discharge capacity of 30 ft’/s. The discharge is measured by a magnetic inductive flowmeter
installed before the flow is introduced to the flume system.

The sediment recirculating system shown in figure 9, which is the only one of its kind in the
United States, consists of a 7-ft-deep sediment trap located at the flume outlet, a 21.5-ft-long
inclined auger, conveyor belt, and sediment infeed hopper. Two diaphragm pumps push
sediment from the infeed hopper back into the flume through plastic nozzles located at the
bottom of a specially designed channel module. This sediment recirculation capability allows for
a much more realistic simulation of natural bed load material (sand) in river models. Thus, the
effects of hydraulic structures on the flow, water levels, bed forms, bed load, and scour in rivers
can be simulated and analyzed.

For this experiment, the MFS was configured with a 3-ft-wide channel and test section, including
a 3-ft-wide by 30-ft-long by 1.3-ft-deep sediment recess section, shown in figure 10. Stations to
measure water level with ultrasound measuring devices were installed along the test section
length. A fully automated, three-axis measurement carriage was equipped with state-of-the-art
sensors to measure changing model geometries, water surface profiles, 3D velocity data, and
bathymetric and scour data.
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Figure 7. Schematic. MF'S plan view.
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Figure 8. Schematic. Side view of water recirculating system in the MFS.
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Figure 9. Schematic. Side view of sediment recirculating system in the MFS.
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Figure 10. Photo. MFS channel test section.

In addition, the test section was equipped with an automated carriage supporting a six-axis
robotic arm. The robotic arm assisted with time-consuming tasks related to experiment setup
including leveling the sand bed, as seen in figure 11, and shaping erodible compound channel
geometries.

The lab researchers employed several commercially available measuring devices in the study,
including an automated laser scanning system (figure 12) and a velocity profiler probe

(figure 13). Other special devices and software solutions developed in the J. Sterling Jones
Hydraulic Research Laboratory were also used.
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Source: FHWA.

Figure 11. Photo. Robotic arm leveling the channel bed.

Source: FHWA.

Figure 12. Photo. Automated laser scanning system.
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Source: FHWA.

Figure 13. Photo. Velocity profiler probe.
ELJ PHYSICAL MODEL DESIGN AND SCALING RATIOS

Physical ELJ scale models were designed and fabricated to assess ELJ structure stability and
effectiveness in reducing high-velocity flows and shear stresses along the erodible bank area
upstream and between each ELJ, to quantify the morphodynamic impact on the channel bank and
bed, and to measure hydrodynamic forces acting on the ELJ. To achieve these purposes, the
model scaling had to be appropriate to capture the important variables to allow application of
results to the prototype’s scale. Scale models for riverine applications should capture geometric,
kinematic, and dynamic similitude within the prototype systems (Julien 2002). Geometric
similitude is achieved when the geometric dimensions (e.g., length) of the model are consistently
scaled. Kinematic similitude applies to velocity and discharge. Both geometric and kinematic
similitude between a prototype and model are generally achieved through scaling on the Froude
number (F7), as seen in equation 1 (Gallisdorfer et al. 2014):

Fr,=—2=—1 =

L
Frm varly \/L_r

F Tp vy

=1 (1)

Where:
Frr = Froude number ratio.
Frp =Froude number for the prototype.
Frm = Froude number for the model.
vr = velocity ratio.
gr= gravitational acceleration ratio.
L= length ratio.
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For this investigation, the lab researchers selected a L of 25; that is, Lm:Lp is equal to 1:25.
Table 1 summarizes the model scaling ratios based on Froude number similarity.

Table 1. Summary of model scaling ratios based on Froude number similarity.

Scaling Parameter Ratio
Lr=1Lp/Lm 25

Ve =Ve/ V= (L)" 5

Qr = Qp/Qm = (Lr)2'5 3,125

Dynamic similitude applies to forces acting on the model and the bed materials. Examples of
forces of interest in this study include drag and buoyancy forces acting on the ELJs and tractive
forces acting on bed materials. Gallisdorfer et al. (2014) analyzed model similitude for a study of
drag on and geomorphological responses to ELJs like the current study. They determined the
dimensionless parameters in the relationship shown in equation 2 were important:

f [CD, Fr, (% ﬁ,n)] =0 (2)

Where:
Cp = drag coefficient.
kelj = surface roughness of the ELJ.
L = characteristic length scale.
S = a measure of orientation of the ELJ with respect to flow direction.
1 = porosity of the ELJ.

Based on this equation, Cp will be the same in the prototype and the model if the other variables
are the same in both the prototype and model. As previously described, Froude number similarity
is the primary basis of the model scaling. Therefore, if fand 7 are similar in the prototype and
model, Cp from the model tests is applicable to the prototype. From Gallisdorfer et al. (2004), as
shown in equation 3, drag-force ratio (Fp)- is calculated as follows:

(FD)r = (CD)rprArvrz = (CD)rprLr3 (3)

Where:
Ay = area ratio.
(Cp)r = drag coefficient ratio.
pr = density of water ratio.

As discussed previously, (Cp)r is equal to 1, and because water is used in both the prototype and
model, pr also equals 1, reducing (£b)- to the cube of L.

Consideration of scour and erosion introduces further complexity to model scaling. Einstein and
Chien (1954) noted the requirement for the scale ratios for both the dimensionless shear stress
and particle Reynolds number to equal 1. The calculation to determine dimensionless shear stress
ratio (&), shown in equation 4, is as follows:
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Where:
Rr= hydraulic radius ratio.
S = slope ratio.
y» = unit weight of water ratio.
Dy = particle diameter ratio.
(SG—1), = specific gravity minus 1 ratio.

For an undistorted geometric model, Sr =1 and R = D,, which simplifies the equation. The
dimensionless particle (grain) Reynold’s number ((Reg)r), shown in equation 5, is calculated as
follows:

2
(Rey)_ = er};Df =1

)
In equation 5, N;is the kinematic viscosity ratio.

Again, for an undistorted geometric model, Sr = 1 and R = D, = L, simplifying the equation.
Selecting an appropriate specific gravity and kinematic viscosity for the model such that both
6- (equation 4) and (Reg)r (equation 5) equal 1 is not possible when using quartz-density sand
and fresh water (Julien 2002). Therefore, conditions for modeling a movable bed will be based
on identifying threshold movement conditions for both the prototype and model. Because this
approach does not represent true scaling, the model results will not simulate the exact scour
dimensions and timing but can be used as an indicator of threshold conditions

(Gallisdorfer 2014).

Channel Geometry and Discharge Conditions

Prototype conditions for geometry and discharge were represented in the model by scaling depth
and velocity. Prototype conditions were based on the estimated 50-yr design discharge of

58,000 ft*/s in the Hoh River at the locations of interest. Prototype width and discharge were not

represented explicitly in the model because the active channel at the sites of interest ranged from
250- to more than 400-ft wide; therefore, the model representation in the horizontal direction was
distorted from the prototype.

Figure 14 illustrates the model representation of the Hoh River as half of a trapezoid, with one of
the flume walls representing the center of the river (or at least a portion of the river sufficiently
far from the bank and ELJs that their performance is unaffected). The model channel (B) is
placed within the 3-ft wide and 30-ft long test section of the flume. The width of the bed (Wsep)
is 1.83 ft. The bank slope is approximated as 1 vertical (V):1.5 horizontal (H) (33.7 degrees) with
a bank height (Hpank) of 0.69 ft. The figure also displays characteristic model velocity (Vu),
upstream velocity (¥v), and characteristic flow depth (y0). Phases I and III of the experiments
were conducted on erodible bed and bank materials. Phase II experiments were conducted on a
bed and bank constructed of clear acrylic sheeting.
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Figure 14. Sketch. Channel cross section represented in the flume.

Table 2 summarizes the selected values for the prototype and model. The Vo and yo for the
prototype were based on the estimated 50-yr discharge in the Hoh River at the project sites. In
the prototype, the presence of ELJs on the banks made a negligible difference in water velocity
and depth. However, with the physical scale model in the flume being much narrower than the
length-scaling ratio would suggest, defining Vi was not straightforward because Vv differed
from the velocity in the channel adjacent to the ELJs (V4pJ), which is not the case in the
prototype. Therefore, the experiments were defined to use both Vv and Vaps as characteristic
velocities to evaluate which may be more appropriate in a design method. In figure 14, the
characteristic parameters— Vv, Au, and yo—are defined based on the cross section of the
upstream approach. In figure 15, characteristic parameters— Va4pJ, cross-sectional area (A44py),
and yo—are defined using the area adjacent to the ELJs.

Table 2. Prototype and model depth and velocity.

Parameter Prototype Model Ratio
Depth, yo (ft) 15 0.6 25
Velocity, Vo (ft/s) 12.1 2.4 5
Froude number, Fr 0.55 0.55 1

21



B
-

Cross-Section Area =4,

Source: FHWA.

Figure 15. Sketch. Channel cross section showing adjacent velocity and area.
Channel Bank and Bed Material

The design and implementation of the channel model also accounted for the interaction of the
ELJ models with a movable channel. Since the hydraulic boundary conditions (water depths,
flow velocities, channel bed slope, etc.) are specified by the Froude law, the similarity of
incipient motion of bed-load transport was achieved by choosing suitable bed materials that
reproduced conditions similar to the Hoh River during a 50-yr discharge.

Nine bed and bank gradation samples were taken from the Hoh River (sites C1 and C2) and
analyzed for their gradation distribution, as summarized in figure 16. From these distributions,
four critical velocities were computed using Laursen’s equation to determine whether the
prototype conditions are live-bed or clear-water and are summarized in table 3. Given the
prototype velocity of 12.1 ft/s shown in table 2, sample set one is live-bed, while the other three
are clear-water conditions.

Two different bed materials were used in the flume model as shown in figure 17. Material I was
uniform fine sand with a median grain size of Dso = 0.014 inches. Material I was used in the
phase I experiments to provide an overall understanding of the erosion characteristics around the
ELJs. These experiments were conducted using clear-water conditions near the threshold with
live-bed conditions. At yo = 0.6 ft in the flume, material I had a critical velocity of 1.08 ft/s.
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Figure 16. Graph. Hoh River gradation analyses.

Material II was used in the phase III experiments and was selected for its similarity to the
prototype so that it represented clear-water conditions near the threshold of live-bed conditions.
For the model velocity of 2.4 ft/s, as shown in table 2, a uniform coarse sediment with a grain
size median diameter of Dso = 0.18 inches was selected. This material had a critical velocity of
2.53 ft/s when yo = 0.6 ft.

Table 3. Prototype sediment transport conditions.

Number of Laursen’s Critical Scour
Sample Set Gradations Dso (Inches) Velocity (ft/s) Condition
1 3 3.0 11.1 Live-bed
2 2 6.5 14.4 Clear-water
3 2 8.0 15.4 Clear-water
4 2 10.0 16.6 Clear-water
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Source: FHWA.

B. Coarse material 11.

Figure 17. Photos. Erodible channel model.
Log—Dolos Bundles

The ELJ design created by WFLHD is composed of numerous log—dolos bundles with rootwad
logs interspersed. The main goal for the fabrication of model log—dolos bundles, as depicted in
figure 18, was to achieve similar material densities to those for the prototype application. As
figure 18 illustrates, the log—dolos bundle was made from a single concrete dolos and three
wooden dowels representing tree trunks.

A prototype dolos was made of precast concrete with a geometry like jacks. The cylindrically
shaped tips of the dolos were designed to emulate natural wood debris found in rivers. The dolos
provided ballast for the logs when they were chained together. Figure 19 details the dimensions
of the 1:25 scale model log—dolos bundle.
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Figure 18. Photo. Fabricated log—dolos bundle (model scale 1:25).

Deflector log bundle

Plan View

Source: FHWA.

Figure 19. Drawing. Fabricated log—dolos bundle dimensions (model scale 1:25).

The geometry and weight of the prototype log—dolos bundle provided by WFLHD are
summarized in table 4. The prototype unit weights were 30 1b/ft® for the logs and 150 Ib/ft* for
the concrete dolos. To properly model stability, similar densities were targeted for the wood and
dolos based on the 1:25 scale length. In the ideal case, the unit weights of the prototype and
model would be the same, and the prototype-to-model ratio for weight would be identical to the
ratio for volume. As seen in table 4, the unit weights for the prototype and model dolos differ by
less than 10 percent, while the unit weights for the prototype and model wood differ by less than
14 percent.
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Table 4. Prototype and model log—dolos bundle characteristics.

Parameter Prototype Model Ratio
Dolos length (inches) 100 4 25
Dolos volume (inches?) 182,030 11.65 15,625
Dolos weight (Ib) 15,801 0.9215 17,150
Dolos unit weight (Ib/ft?) 150 137 1.09
Small log diameter (inches) 18.75 0.75 25
Small log length (inches) 240 9.6 25
Small log volume (inches?) 66,270 4.24 15,625
Small log weight (Ib) 1,150 0.0838 13,720
Small log unit weight (Ib/ft) 30 34 0.88
Large log diameter (inches) 25 1.0 25
Large log length (inches) 240 9.6 25
Large log volume (inches?) 117,820 7.54 15,625
Large log weight (Ib) 2,045 0.1543 13,250
Large log unit weight (Ib/ft?) 30 35 0.86

ELJ Model

The ELJ layout was patterned after the design by WFLHD (appendix A). Each ELJ unit was
composed of collections of log—dolos bundles, rootwads, and individual (unbundled) key dolosse
that were placed on the streambed. Figure 20 and figure 21 provide the plan and cross-sectional
views, respectively, of a single ELJ unit, including all relevant geometry parameters for
construction and installation in series along the channel bank. The unit was constructed with
successive layers of the components. The first (bottom) layer, referred to as layer A, was placed
on the unexcavated channel bed. Following the plans in appendix A, this layer had a defined
layout. Layer B, and other layers if needed, was placed on top of layer A in a random manner to
achieve the design height (Hej) throughout the unit. The prototype and model dimensions are
summarized in table 5.

Each ELJ unit was created according to the WFLHD design (appendix A), with 25 log—dolos
bundles, 14 rootwads, and 7 key dolosse. Layer A included 10 log—dolos bundles, 7 rootwads,
and the 7 key dolosse. Although sensitive to the details for the log-dolos bundles and rootwads,
characteristics of an ELJ unit included log-dolos and rootwad density, which equaled

0.00076 log—dolos bundles/ft* and 0.00042 rootwads/ft’. On a mass basis, the dolosse and wood
combined for a density of 72.3 and 70.9 1b/ft? within the ELJ unit for the prototype and model,
respectively. For both the prototype and model, the void ratio of the ELJ unit was 0.77. With this
configuration, the submerged density of the ELJ unit was 64.6 and 64.3 1b/ft* for the prototype
and model, respectively. Both the density and void ratio estimates excluded the key dolosse
because they did not interlock with the remaining components. These density values may be
useful to compare alternative packing designs for ELJs.

As described previously, similarity between the prototype and model also depends on fand 7 of
the ELJ units. The orientation of both prototype and model were the same, with the unit installed
parallel to the bank. The porosity of the prototype and model were assumed to be equivalent
because the unit design and composition were the same.
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Figure 20. Drawing.

Plan view of the model ELJs installed in the MFS tes

section.

Source: FHWA.

Figure 21. Drawing. Cross-sectional view of the model ELJs installed in the MFS test

section.
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Table 5. Prototype and model ELJ characteristics.

Parameter Prototype Model Ratio
Height, Hey (ft) 18 0.72 25
Base width, Wey; (ft) 20 0.8 25
Bank Slope, H:V 1.0:1.0 1.0:1.0 1
Length, Lej (ft) 75 3.0 25
Spacing, Ls (ft) 30 1.2 25
Volume, Ve (ft°) 33,000 2.12 15,625

EXPERIMENTAL PROTOCOLS AND RESULTS

The primary goals of the physical modeling experiments were to evaluate the effectiveness of
ELJs in deflecting impinging flow away from the unstable eroding banks into the main channel,
assess the hydrodynamic stability of the ELJs, and quantify the morphodynamic response of the
channel to ELJs. The testing was conducted in three phases:

1. Phase I: experiments with an erodible bed (material I) to assess general performance of
the ELJs in redirecting flow and identify erosion patterns around the ELJs.

2. Phase II: experiments using a fixed bed to assess hydraulic loading on the ELJs.

3. Phase III: experiments using an erodible bed (material II) to perform a detailed
assessment of hydraulic loading and scour at a model scale compatible with the prototype
site.

For the erodible bed experiments in phases I and III, the bed was prepared and the ELJ units
were installed. The flume was slowly filled with water by gradually increasing the flow rate until
the desired flow conditions were achieved. During each experiment, the researchers measured
flow depths and velocities and recorded videos of the experiment. Equilibrium scour experiments
ran for a 24-hr period. ELJ stability experiments also ran for a 24-hr period unless total structure
failure of the ELJ was observed. The researchers then scanned pretest (as-built) and post-test
(equilibrium) geometries and bathymetries to compare the two.

Phase I: ELJs and Erosion Patterns
General Approach

The approach for evaluating ELJ performance and erosion patterns in phase I was to generate
flow conditions that would cause some damage to the bank model prior to ELJ installation; that
is, to create combinations of velocity and depth that were at the threshold of clear-water and live-
bed conditions in the erodible bed channel in the absence of ELJs. Figure 22 and figure 23 show
a before and after condition, respectively, for run I-1 using scanned point-cloud bathymetries
(resolution 0.063 inches by 0.063 inches) of the half trapezoidal erodible channel. Selecting these
threshold conditions provided an opportunity to assess the role of ELJs in protecting the bed and
banks from erosion.

Phase I experiments tested the performance of the initial ELJ design provided by WFLHD
(appendix A) for resisting flow and scour. As part of preparing the initial model ELJs, it became
apparent that different packing densities for the model ELJ components, that is, the number of
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log—dolos bundles and rootwads, could vary significantly and might affect ELJ stability and
performance. Therefore, the phase I experiments also explored variations in well-packed and
stable ELJ units with the necessary height to accommodate the design water depth. In addition,
the experiments were designed to test the assumption that the log mass would settle into scour
holes as scour occurred without destabilizing the overall structure and functionality of the ELJ.

Test Section
As-Built

Source: FHWA.

Figure 22. Graphic. Laser-scanned bathymetry of the erodible half trapezoidal channel
before testing (as-built) for run I-1.

Test Section
_ Equilibrium

Source: FHWA.

Figure 23. Graphic. Laser-scanned bathymetry of the erodible half trapezoidal channel
after testing (equilibrium) for run I-1.

Because the geometry of the model scale in the horizontal direction was distorted from the
prototype, Vm was defined in two ways in the experiments to see if one was more relevant for
evaluating and designing ELJs. The first way defined Vi as Vu, that is, Var = Vi, as was depicted
in figure 14. The second defined Vs as Vaps so that Vir = Vaps. Au and A4ps represented the
cross-sectional area in the upstream and adjacent cross sections, respectively, as was depicted in
figure 15. Given a value of Vi, the case where Vi = Vu was more severe in terms of scour and
channel-bank erosion than was the case where Vi = Vap.
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Figure 24 shows cross-sectional locations, defined as CS-1 through CS-5, where velocity
measurements were taken. Vv and the corresponding depth and area were measured at CS-1. Vaps
and its corresponding parameters were measured at CS-2. Measurements at the other cross
sections were also recorded. All velocity measurements were taken at 40 percent of the flow
depth (60 percent below the water surface) as a representative depth-averaged velocity.

[11.158)
3400mm

Source: FHWA.
Figure 24. Graphic. Plan view of cross sections CS-1 to CS-5 (ELJ3 not shown).

The experimental parameters for phase I are summarized in table 6. The model channel in phase
I was prepared using material I with three ELJ units installed along the channel bank in series
with a spacing (i.e., Ls) in between each unit as specified by the WFLHD design drawings. The
ELJ installation process involved first placing the ELJ components on the channel bed

(figure 25) and then on the channel bank (figure 26). The completed installation shown in
figure 27 is for run I-3. The researchers conducted two variations on run I-3 (a and b) using
different log—dolos packing densities, as described in the section on ELJ packing density that
follows.

Table 6. Experimental cases and hydraulic parameters for phase 1.

Run Case Dso (Inches) | o (ft) Var (ft/s) Fr
I-1 Baseline case Vi = Vu 0.014 0.59 0.82 0.2
I-2 ELJs with key dolosse Vi = Vu 0.014 0.59 0.83 0.2
I-3a ELJs with key dolosse Vi = Vaps 0.014 0.59 0.83 0.2
I-3b  |ELJs with key dolosse Vi = Vaps 0.014 0.59 0.83 0.2
I-4 ELJs without key dolosse Var = Vu 0.014 0.59 0.82 0.2
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Source: FHWA.

Figure 25. Photo. Installation of the initial layer of log—dolos bundles and key dolosse on
the channel bed for run I-3.

Source: FHWA.

Figure 26. Photo. Installation of log—dolos bundles on the channel bank for run I-3.
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Source: FHWA.

Figure 27. Photo. As-built ELJ installation for run I-3 with log—dolos bundles, rootwads,
and key dolosse.

Observations and Findings

Findings from the phase I experiments are grouped into three categories: the density of log—dolos
units required to promote stability, scour patterns at the edge of the ELJ units, and the role of key
dolosse in stabilizing the ELJ units. Each of these observations is discussed in the following
sections.

ELJ Packing Density

The initial installation plan for each ELJ unit from the WFLHD design drawing (appendix A)
called for 25 log—dolos bundles, 14 rootwads, and 7 key dolosse. The WFLHD design also
specified that the height of the ELJ unit should exceed the expected flow depth under the design
conditions, that is, Hejj > yo. To build the ELJ unit height to satisfy this criterion, 8 additional
log—dolos bundles were required for Runs 1-2, I-3, and I-4 in layer B, bringing the total number
of log—dolos bundles to 33. The log—dolos bundles were packed as densely as possible.

Figure 28 shows the bank failure associated with run I-3a when using the original ELJ unit
design with 25 log—dolos bundles. The failure resulted because of the insufficient number of
log—dolos bundles and inadequate protection of the channel bank at the upstream face of the ELJ
unit, allowing significant flow to enter between the ELJ and the eroding channel bank. Figure 29
shows run [-3b hydraulic conditions but with an ELJ unit with 33 more densely packed
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log—dolos bundles. No failure was observed after 24 hr in this case. This change increased the
density of log—dolos bundles from 0.00076 to 0.0010 bundles/ft>. On a mass basis, the dolosse
and wood combined within the ELJ unit for a density of 72.9 and 71.4 1b/ft* for the prototype and
model, respectively. For both the prototype and model, the void ratio of the ELJ unit was 0.71.
With this revised configuration, the submerged density of the ELJ unit was 65.5 and 65.1 1b/ft®
for the prototype and model, respectively.

Source: FHWA.
Figure 28. Photo. Run I-3a with 25 log—dolos bundles showing channel-bank failure.

Source: FHWA.

Figure 29. Photo. Run I-3b with 33 log—dolos bundles showing no bank failure.
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A flatter bank slope requires a larger number of log—dolos bundles than a steeper bank slope to
maintain the same density of bundles for a well-packed ELJ unit. It is possible that a bank slope
steeper than 1.5:1 (H:V) was assumed for the WFLHD design and resulted in an underestimate
of bundles needed for this model implementation.

ELJ Bank Protection and Bed Scour

After increasing the number of log—dolos bundles and their density, the researchers repeated run
I-2 and completed runs I-3 and I-4. Figure 30 depicts scanned bathymetries of the equilibrium
bed scour formations around the ELJ units for the flow condition in run I-2. In this extreme
(higher discharge) case, a large bed scour hole formed at the upstream edge of the first ELJ unit
with a maximum scour depth of 0.54 ft. The scour hole formed because of a combination of local
and contraction scour.

The scour hole induced some settlement of the ELJ unit, but this settlement was not significant
and did not cause any measurable effect on the unit’s stability or as-built geometry. Significant
settlement of the ELJ could have caused the ELJ structure to tilt forward into the main channel,
leaving the bank surface unprotected, but this did not occur because of the flexible log—dolos
bundles and logs with rootwads.

Figure 31 depicts scanned bathymetries of equilibrium bed scour formations around the ELJ
units for the flow condition in run I-3. For this case, the deepest bed scour formed adjacent to the
first ELJ unit with a maximum scour depth of 0.15 ft. Scour depth for run I-4 was approximately
equivalent to that for run [-2. Maximum scour depths are summarized in table 7.

Table 7. Maximum scour depths at the ELJ units.

Run Case ys () | ys /yo
1-2 ELJs with key dolosse Vi = Vu 0.54 0.92
I-3 ELJs with key dolosse Vi = Vaps 0.15 0.25
1-4 ELJs without key dolosse Vi = Vu <0.54 0.92

Importantly, the scour maps (figure 30 and figure 31) do not show net erosion or deposition
along the bank where the ELJs were placed. The three ELJ units placed along the channel bank
effectively created low-flow zones in the unprotected spaces between them, demonstrating their
efficacy in bank protection.

Key Dolosse

Another observation derived from the phase I experiments relates to the role of key dolosse in
promoting stability of the ELJ unit. The key dolosse were placed as single elements on the
channel bed, as depicted in figure 25, and are the only elements that are not well interlocked in
the ELJ system. Figure 32 shows a failed key dolosse moved out of position and separated from
the ELJ unit. Figure 33 depicts the local scour around a failed key dolosse. The researchers
observed that, as the scour developed around ELJs, the single key dolos was undermined and, in
run [-2, launched into the scour hole. The observed edge failure of the key dolosse did not have a
negative effect on the overall stability of the ELJ units, but also did not have a positive effect,
either. The key dolosse appeared to be the only components of the ELJ unit vulnerable to scour.
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Figure 30. Graphic. Bathymetric map showing ELJ unit and scour for run I-2.

35



(mm)
Coord. Z
250.0

231.5

213.0

Cross-Section View 176.04
157.54
139.04
12051

102.04

83.54

Centered
Perspective View

Scour hole at elevation
less than -46 mm

Source: FHWA

Figure 31. Graphic. Bathymetric map showing ELJ unit (with layer B removed) and scour
for run I-3.
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Source: FHWA.
Figure 32. Photo. Total edge failure of key dolosse in run I-2.

Source: FHWA.

Figure 33. Photo. Local scour hole developed around the key dolosse in run I-2.
Phase II: Hydrodynamic Loads on ELJs
General Approach

The goals of the phase Il experiments were to measure drag force (Fp) and transverse force (£7)
acting on an ELJ unit and estimate a drag coefficient (Cp). Moreover, the hydrodynamic force
measurements were used to calibrate the ELJ model for CFD simulations described in chapter 4.
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For this phase, the researchers conducted experiments in a half-trapezoidal channel with a
nonerodible (acrylic sheeting) bed and bank having the same cross-sectional geometry as in
phase I (figure 14). Based on the experimental observations from phase I regarding the preferred
number of log—dolos bundles, an ELJ unit was fabricated using 33 bundles with all the
components glued together to form a rigid unit. The ELJ unit was mounted to a force-torque
sensor, which was attached to a robotic arm as shown in figure 34. The instrumented ELJ was
suspended parallel to bed and bank with 0.39-inch and 0.20-inch gaps to the bed and bank,
respectively, as shown in figure 35. The ELJ upstream face was positioned perpendicular to the
main flow direction.

Source: FHWA.

Figure 34. Photo. ELJ model connected to the force-torque sensor mounted on the robotic
arm.

Because of the maximum load limitations of the force-torque sensor and the robotic arm, a
lighter version of the ELJ unit was required. To meet this need, new log—dolos bundles were
fabricated substituting plastic dolosse for the concrete dolosse. The plastic dolosse were created
using a 3D printer and acrylonitrile butadiene styrene plastic.
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Source: FHWA.

Figure 35. Photo. Close-up view of the suspended ELJ model showing the respective
clearances to the channel bed and bank.

Researchers used a force-torque sensor to measure forces (Fx, Fy, Fz) and torque (7x, T, Tz) in
three dimensions. Specifications for the maximum dynamic range and resolution of the sensor in
each direction are in table 8. Flow velocities were collected using an acoustic velocimeter
(figure 13) for a range of flow velocities.

Table 9 summarizes the experimental parameters, including Aej, which is defined as the area of
the ELJ unit orthogonal to the flow. The researchers completed each run four times to validate
repeatability of the results.

Table 8. Force-torque sensor maximum dynamic ranges and resolutions.

F-T Sensor Fy, Fy(N) F;(N) Ty, Ty (N-m) T, (N-m)
Range 65 200 5 5
Resolution 0.025 0.05 0.0015 0.0015
1 N-m = 0.737 pound-feet.

Table 9. Experimental parameters used in phase II.

Run Jo (ft) Vi (ft/s) Fr Ay (ft2) Fp(N) Fr(N) Cp*
I1-1 0.62 1.03 0.23 0.667 13.24 0.42 4.3
11-2 0.66 1.31 0.29 0.710 25.44 —0.91 4.8
11-3 0.69 1.51 0.32 0.743 37.97 —1.32 5.2
11-4 0.72 1.66 0.34 0.775 48.52 —1.82 5.1

*Drag coefficient computed using the net area blocked, not the full frontal area of the ELJ unit. These values are not
comparable to later estimates using the full frontal area.

With the flow running in the test section and the ELJ model above the water surface, the force-
torque sensor was biased to zero. The robotic arm then slowly lowered the ELJ model into
position where the hydrodynamic forces acting on the ELJ were collected at 1,000 HZ. The
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collected raw data were post-processed by applying a fast Fourier transform filter and mean
values were obtained.

Observations and Findings

Figure 36 displays the longitudinal force (Fx), which is predominantly the drag force (¥b),
measured for the runs summarized in table 9. Figure 37 displays the transverse force (F7), which
is the force in the y-direction, from the same runs. The averaged forces and computed Cp are
summarized in table 9. The cases varied from a partially inundated ELJ unit (run II-1) to an
almost fully inundated unit with higher approach flow (run II-4). The force-torque sensor started
to collect data with the ELJ unit elevated above the water surface. As the robot arm lowered the
ELJ, Fp increased with an increasing Froude number, while transverse force generally stayed
near zero.
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Figure 36. Graph. Longitudinal (drag) forces from phase II experiments.

Computation of Cp requires an estimate of A4e;;. The upstream face of the ELJ unit is shown in
figure 38. Laser scan measurements of the cross-sectional upstream face are shown in figure 39.
This measurement changed slightly with the increasing flow depths. The researchers combined
the experimental results with the CFD simulations to obtain a characteristic Cp, which can be
used in prototype design.
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Figure 37. Graph. Transverse forces from phase Il experiments.

Source: FHWA.
Figure 38. Photo. Upstream face of the ELJ unit.
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Void spaces

Source: FHWA.

Figure 39. Graphic. Laser scan of the ELJ upstream face used to compute the cross-
sectional area perpendicular to the flow.

Phase I1I: ELJ Stability Experiments
General Approach

Experiments in phase III were conducted on the erodible half-trapezoidal channel with the
coarser bed and bank material (material IT). The scale of this material is more representative of
the channel bed of the Hoh River and offers a better basis for evaluating ELJ stability under
design and extreme flow conditions for the Hoh River prototype. Overall ELJ stability relies on
both a good interlock between the ELJ elements to resist flow and stability of the eroding
channel. One of the main objectives in these series of experiments was to investigate the
potential failure modes of the ELJs in response to hydrodynamic forces and an unstable eroding
channel.

For this phase, two ELJ units were installed in the test section for each run except run 1II-2,
which included three ELJ units. The ELJ units were designed and constructed in the same
manner described in phase I with 33 log—dolos bundles for each ELJ unit. Table 10 summarizes
the tests included in this phase.

Run III-1 was the baseline case to confirm that the bed and bank material was near threshold
movement conditions at the given depth and velocity. Runs III-2 and III-3 tested the ELJ during
unsubmerged conditions (i.e., the top of the ELJ is higher than the water surface), while runs
1I-4 through III-9 explored the ELJ during fully submerged conditions. As in phase I, two
definitions of the characteristic model velocity were used: Vi taken as the approach velocity Vu
and Vi taken as the adjacent velocity Vap..
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The researchers conducted each run in this series for a 24-hr duration to ensure equilibrium scour
was reached unless total structure failure of the ELJ was observed. They scanned the geometries
of installed ELJs and channel equilibrium bathymetries in both before and after conditions to
compare as built and final states. They also made video recordings of each run to capture
potential failure modes and failure zones when ELJ structures failed.

Table 10. Experimental cases and hydraulic parameters for phase III.

Run Case Dso (Inches) | yo (ft) | Vas(ft/s) | Fr
III-1 |Baseline Case: Vi = Ju 0.18 0.59 2.40 0.55
MI-2 | V= Vaps 0.18 0.59 2.40 0.55
-3 | Vu="Vu 0.18 0.59 2.40 0.55
-4 | Vm = Vaps 0.18 0.75 2.40 0.49
-5 |Vm—Vu 0.18 0.75 2.04 0.41
-6 |Vu— Vu 0.18 0.75 2.16 0.44
III-7 | Layer A with riprap: Vs — Vu 0.18 0.75 2.16 0.44
II-8 |Layer A partially buried: Vi — Vu 0.18 0.75 2.64 0.54
I1I-9 | Dolosse at upstream ELJ face: Vi — Vu 0.18 0.75 2.64 0.54

Observations and Findings

Experimental results in phases I and II showed that overall ELJ stability relies on both good
interlock between the ELJ unit elements and stability of the eroding channel. Therefore, one of
the main objectives in this phase was to investigate potential failure modes when both
hydrodynamic forces and unstable channel erosion occur simultaneously at ELJ installations.

ELJ Stability for Partially Submerged Conditions (Prototype Design Conditions)

Figure 40 shows the installation of two ELJ units for run III-3. Runs III-2 and III-3 represented
prototype (50-yr flood event) design conditions where the ELJs had sufficient height to extend
above the water surface elevation (yo < Hejj), as shown in figure 41. Run III-2 tested the condition
where the flow depth and velocity were set based on conditions adjacent to the ELJ (Var = Vapy),
which was 2.4 ft/s. Figure 42 shows the measurements from which the velocity was determined
(CS-4). Run III-3 tested the more severe condition where the flow depth and velocity were set
based on the approach (upstream) condition (¥ = Vu), which was also 2.4 ft/s. Similarly,

figure 43 shows the sources of this estimate (CS-1). Figure 24 defined cross-sectional locations.

In both runs, the ELJs were hydrodynamically stable. The total weight of the log—dolos bundles
and rootwads exceeded buoyant and drag forces, resulting in no movement of the ELJ units. As
seen in figure 41, the presence of some components above the water surface, which were not
subject to either buoyant or drag forces, aided stability. The dense packing arrangement between
the log—dolos bundles contributed to transferring their dry weight downward onto the elements
of layer A.
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Source: FHWA.
Figure 40. Photo. As-built ELJ installations on the erodible channel for run III-3.

Figure 41. Photo. ELJs under partially submerged conditions in run III-3 (looking
downstream).
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Figure 42. Graph. Cross-sectional velocity profiles measured at 40 percent of flow depth
for run III-2.
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Figure 43. Graph. Cross-sectional velocity profiles measured at 40 percent of flow depth
for run III-3.
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A small equilibrium scour hole appeared in the channel bed between ELJ2 and ELJ3 in run III-2,
as shown in figure 44, and between ELJ1 and ELJ2 in run III-3, as shown in figure 45. The bed
scour depths are summarized in table 11. As observed in phase I and expected in this phase, the
more severe condition of run III-3 resulted in more severe scour. Key dolosse were installed
along ELJ2 in run III-3. They launched into the scour hole for that run, confirming the
conclusion from phase I that key dolosse do not provide support for ELJ stability. Significant
channel-bank erosion behind the ELJs was not observed in either run.

Source: FHWA.

Figure 44. Graphic. Bathymetric scan of run III-2 at equilibrium conditions.

Source: FHWA.

Figure 45. Graphic. Bathymetric scan of run III-3 at equilibrium conditions.
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Table 11. Maximum scour depths at the ELJ units.

Run Case ys () |y /w
-2 | Vm=Vaps 0.29 0.49
-3 (VYm="Vvu 0.52 0.88
-4 |Vim="Vaips 0.28 0.37
-5 | Vu— Vu * *
-6 |Vu— Vu * *

*Maximum scour depth not measured because of ELJ failure.
ELJ Stability for Fully Submerged Conditions (Extreme Conditions)

The researchers conducted three test runs where the ELJs were in fully submerged conditions

(vo 2 Helj), which were more extreme than the design conditions. In each of these test runs, depth

was increased to 0.75 ft with a target velocity of 2.4 ft/s. Catastrophic failure of the ELIJs
occurred prior to reaching this condition for some of these tests. For those cases, velocities were
recorded at the moment of failure and the failure mode noted.

Run I1I-4 included two fully submerged test units, as shown in figure 46. This run represented
velocity as the adjacent velocity (Va = VapJ). Although fully inundated, no hydrodynamic failure
of the ELJs was observed. Small displacements or rotations of some elements in top layer B were
observed, such as the movement of a rootwad log, shown in figure 47, and the rotation and
displacement of single log—dolos bundles installed on the top layer, shown in figure 48. These
results demonstrate that log—dolos bundles could turn and displace without compromising the
overall stability of ELJ structures. However, special care in the placement of the logs with
rootwads during installation is important because they are vulnerable to buoyancy forces. In
addition, small displacements and rotations of the log—dolos bundles can cause total dislodgment
of the logs with rootwads from the ELJ unit.

The researchers did not observe significant channel-bank erosion in run III-4. The maximum
equilibrium scour hole in the channel bed measured 0.28 ft deep and developed around the ELJ2,
as shown in figure 49. This scour depth was slightly less than was measured for run I1I-2,
although the flow depth was greater (table 11). A possible explanation for lower scour is that run
[II-4 did not include key dolosse while run III-2 did; the key dolosse may have increased the
scour depth.
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Source: FHWA.
Figure 46. Photo. Fully submerged ELJ units in run I1I-4.

Source: FHWA.

Figure 47. Photo. Model log (representing a rootwad) from ELJ1 caught at the upstream
face of ELJ2 (downstream unit).

48



Source: FHWA.

Figure 48. Photo. Log—dolos bundle from ELJ1 (upstream unit) turned upside down.

Source: FHWA.

Figure 49. Photo. Bed scour around ELJ2 (downstream unit) at equilibrium conditions for
run I11-4.

Runs III-5 and I1I-6 were tested with two ELJ units and with intended flow velocities defined as
the upstream velocity (V» — Vv). However, before the intended velocity was reached in the
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flume, one of the ELJ units experienced a complete failure. The velocity at failure was noted and
defined as Vi = VFrailre. Run 111-6 was a repeat of run III-5 to validate the ELJ failure threshold.

The researchers observed and video recorded the failure of the log-dolos bundles and logs with
rootwads at the upstream face of ELJ1 (upstream unit). The approach velocities for runs III-5 and
II1-6 at the moment of failure were 2.04 ft/s and 2.16 ft/s, respectively, and are recorded in

table 10. In both cases, these velocities were less than the target velocity of 2.4 ft/s.

The failure mode and location were consistent for the two runs. Figure 50 shows the initiation of
failure at the upstream face of ELJ1, and figure 51 shows the advancing failure during run III-6.
Once the upstream face of the ELJ unit failed, a domino failure effect on the entire ELJ1 unit
occurred. In addition, many of the elements from ELJ1 struck the second unit (ELJ2), located
downstream, causing failure of ELJ2. For these extreme, fully submerged conditions, buoyancy
forces reduced ELJ resistance to hydrodynamic loads, which was mostly achieved through good
connection of their elements and by their total weight. Moreover, more cross-sectional areas of
the ELJ units were exposed to the high-velocity approach flows.

In both run III-5 and run III-6, channel-bank erosion was visible and began to develop rapidly as
velocity gradually increased to meet the target approach velocity Vu. Figure 52 shows a scan of
the eroded channel bank behind the failed ELJ2. One of the causes of the erosive forces on the
channel bank was the highly turbulent flow structure that developed on the water surface right
above the inundated ELJs. This contributed to the total failure of the upstream ELJ unit (ELJ1).

These experiments were terminated after the researchers observed total failure of the ELJ units.
No equilibrium bed scour conditions were achieved. Figure 53 shows laser scan results for the
as-built structures compared with the final conditions after failure for run III-6.

Source: FHWA.
Figure 50. Photo. Initial failure of ELJ1 during run III-6.
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Source: FHWA.
Figure 51. Photo. Advancing failure of ELJ1 during run III-6.
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Note: The scale represents the elevation in millimeters (the units intrinsic to the processing tool) in local

coordinates where the as-built channel bed elevation is at 0 mm.

Figure 52. Graphic. Bathymetric scan results of run III-6 after failure (plan view).
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Source: FHWA.

Figure 53. Graphic. Bathymetric scan results for run III-6.
Potential Improvement Strategies

After identifying the failure modes of the ELJ units under fully submerged flow conditions, the
researchers conducted three additional runs to investigate potential approaches for improving the
hydraulic stability of the ELJ. Using two ELJ units in series for each run, they tested the
following three strategies:

e RunIII-7: Add a layer of riprap with layer A of the log—dolos bundles.
e Run III-8: Partially bury layer A of the log—dolos bundles.
e Run III-9: Place key dolosse at the upstream face of the ELJ unit.

For run III-7, the researchers filled gaps between the log—dolos bundles in the bottom layer
(layer A) with riprap, as shown in figure 54, to investigate whether this would increase the
resistance of the ELJ units. Figure 55 shows a close-up of the run I1I-7 ELJ installation. The
median size of the uniform riprap used was Dso = 0.6 inches (scaled to Dso = 16 inches in the
prototype). Failure was observed at the upstream face for ELJ1 (upstream unit), where the
log—dolos bundles and logs with rootwads were dislodged, causing a domino failure effect on the
entire ELJ1 structure. Failure resulted at a velocity of 2.16 ft/s, short of the target velocity of

2.4 ft/s. Because this was the same failure point in run III-6 (without riprap), providing the riprap
did not improve ELJ stability. Figure 56 presents the bathymetric scan results for run III-7 in
both as-built and final conditions after failure.

For run III-8, the researchers attempted to increase stability of the ELJ by partially burying the
log—dolos bundles in the channel bed, as shown in figure 57. The ELJ units maintained their
stability for the target approach velocity of 2.4 ft/s (Var = Vu), with some displacements and
rotations of the elements located on the top layers. This flow condition was maintained for
approximately 2 hr with the ELJ units maintaining a stable position. The flowrate was then
slowly increased to the point when elements began to dislodge from the upstream face of ELJ1 at
VFaitre = 2.64 ft/s, or 10 percent greater than the target velocity. Figure 58 displays the scan
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results of both as-built and final bathymetric conditions for run III-8. Because failure did not
occur until conditions went beyond the target, the strategy of partially burying the log—dolos
bundles provided additional anchoring on the ELJs, preventing total collapse at the target
velocity.

.~ Chann

Source: FHWA.
Note: The dashed line marks the channel bank—bed intersection.

Figure 54. Photo. Plan view of one ELJ units showing installation of layer A filled with
riprap for run III-7.
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Source: FHWA.

Figure 55. Photo. Close-up of the final installation with layer B on top of layer A for run
1-7.

53



Post-test

Source: FHWA.

Figure 56. Graphic. Bathymetric scan results for run III-7.

Source: FHWA.
Note: The dashed line marks the channel bank—bed intersection.
Figure 57. Photo. Log—dolos bundles of layer A half buried in the channel bed with
additional elements of layer B overlaid for run III-8.
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Post-test

Source: FHWA.

Figure 58. Graphic. Bathymetric scan results for run III-8.

The strategy for enhancing stability tested in run III-9 was to reinforce the upstream face of the
ELJs with six individual key dolosse. Figure 59 shows a close-up of this ELJ installation with
five of the six individual key dolosse visible. This strategy performed well and increased the
hydraulic stability of the ELJ units compared with the ELJ installation tested in runs III-5 and
III-6. No failure of the ELJ units was observed for the target approach velocity of

2.4 ft/s (Vm = Vu), with some displacements and rotations of the elements located on the top
layers. This flow condition was maintained for approximately 2 hr with the ELJ units
maintaining a stable position. The flowrate was then slowly increased to the point when a few
key dolosse began to dislodge from the upstream face of ELJ1 at Vruinre = 2.64 ft/s, or 10 percent
greater than the target velocity. Total failure of the ELJ units was not observed. Figure 60
displays scan results of the as-built and final bathymetric conditions for run III-9.

While the ELJ units in runs III-8 and III-9 were physically stable they were not entirely
successful in preventing bank erosion. As observed in other runs with fully submerged ELJ
conditions (i.e., runs III-4, III-5, and II1-6), channel-bank erosion developed rapidly as velocity
Vm was gradually increased to the target approach velocity Vu. Highly turbulent structures
developed on the water surface right above the inundated ELJs, causing erosion of the channel
bank. The effects of bank erosion on ELJ stability were clearly observed in runs II1-8 and III-9,
as depicted in figure 58 and figure 60, respectively. As channel-bank erosion increased, more
log—dolos bundles and logs with rootwads located adjacent to the bank began to settle, with the
eroding bank affecting the compact interlocking of the ELJ elements at the upstream face. From
these runs, the researchers confirmed that, in general, the ELJ units failed to protect the channel
bank from erosion under fully submerged flow conditions.
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Source: FHWA.

Figure 59. Photo. Close-up view of some single key dolosse (numbered) used to reinforce
the upstream face of the ELJ units for run II1-9.

Post-test

As-built

Source: FHWA.

Figure 60. Graphic. Bathymetric scan results for run III-9 after failure.
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CHAPTER 4. CFD MODELING

The researchers used CFD modeling to extend the physical flume experiments, enabling a
broader analysis of ELJ configurations and performance. CFD modeling was first validated
against the flume experiments (phase II) and then extended to the prototype scale of the upper
Hoh River. The development of the CFD models followed the general procedure for CFD
modeling using STAR-CCM+ and is described in this chapter (CD-adapco 2013).

VALIDATION OF THE SMALL-SCALE CFD MODEL

The modeling approach consisted of validating the small-scale CFD modeling results with the
experimental flume data obtained in phase II, as described in chapter 3. This approach formed
the basis for quantifying drag coefficients and hydrodynamic forces acting on ELJ structures.

Model Geometry

Figure 61 shows a perspective view of the CFD model geometry for a single ELJ unit installed
on a half-trapezoidal channel with the same cross-sectional geometry as the one used in the
flume experiments (phase II). This geometry was at the same 1:25 model scale as was used in the
flume experiments, included the same total number of elements, and had installation layouts
similar to the physical ELJ model. Figure 62 shows the same ELJ unit in a cross-sectional view
looking downstream.

Source: FHWA.

Figure 61. Graphic. Perspective view of the CFD geometry of an ELJ unit.
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Source: FHWA.
Figure 62. Graphic. Cross-sectional view of the CFD geometry of an ELJ unit.

Figure 63 displays the perspective view of a computational mesh derived from the computational
trimmer cell mesher, while figure 64 provides a cross-sectional view of the mesh. The mesh had
sufficient detail to represent the shapes of the complex elements and random connections within
the ELJ structure. The mesh cell sizes varied, with the smallest cell size of 0.5 mm used for the
complex ELJ geometry. (Metric units are used in the CFD modeling.)

Using a range of mesh cell sizes allowed for a smooth transition between areas with different
mesh cell densities. The mesh cell sizes satisfied the requirements for model geometry and met
the need to represent the flow field adequately. The model flow domain for this study used a total

of 4.1 million mesh cells.

Source: FHWA.

Figure 63. Graphic. Perspective view of an example mesh used for the CFD model.
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Source: FHWA.

Figure 64. Graphic. Cross-sectional view of an example mesh used for the CFD model.
Physical Continua Models and Boundary Conditions

The volume of fluid (VOF) model was activated to simulate the free surface. Since the focus of
the CFD model was to obtain wall shear stress and pressure distributions on the ELJ structure
and the water depth was sufficient to eliminate the influence of the motion of the free surface on
the bed, the most significant purpose of the VOF model was to simulate open-channel flow
accurately. Therefore, a large eddy simulation (LES) approach was used to perform the
simulations. The main advantage of this numerical approach is the capability of an LES to
capture the dynamics of unsteady, coherent structures in the flow past in-stream obstacles.

In addition to the LES models, the researchers used an unsteady Reynolds-averaged Navier—
Stokes (RANS) model in combination with the VOF model and the K-Epsilon turbulence model
to simulate the same cases. The two modeling approaches were compared with the experimental
data. The wall functions are a set of semiempirical functions used to satisfy the physics of water
flow in near-wall regions. They have a close relation with the distribution of wall shear stress. In
STAR-CCMH+, there are three wall functions: high y+ wall treatment for a coarse mesh, low y+
wall treatment for a fine mesh, and all y+ wall treatment (CD-adapco 2013). The researchers
applied the two-layer, all y+ wall treatment to simulate water flow in near-wall regions.

The team validated the CFD simulations of the ELJ model against the physical modeling

(phase II). The CFD model boundary conditions were defined based on the flow conditions used
for the flume experiments and summarized in table 9. The inlet boundary conditions were
defined for the same range of approach flow velocities while the outlet boundary conditions were
defined based on the measured flow depths given in that table.

Modeling Results

Figure 65 displays the CFD modeling results for the velocity field around the single ELJ unit.
The two-phase VOF approach provided a realistic simulation of the effect of the ELJ on the flow
depths around the structure.
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Figure 65. Graphic. CFD modeling results showing a longitudinal view of the water
surface-elevation change (top), and an overhead view of the velocity contour plot (bottom).

The goals for the CFD models included investigating the complex flow through the ELJs and
assessing the effectiveness of ELJs in decelerating the approach flow through ELJ structures.
Figure 66 displays CFD simulation results for the four runs (II-1, II-2, II-3, and I1-4) showing
velocity contour plots of the approach flow for a cross section 2 ft (0.6 m) upstream of the model
ELJ unit. The plots confirm increasing velocity with each subsequent run.

Figure 67 displays an example of CFD simulation results for run [I-CFD2. It shows velocity
contour plots at different cross sections of the model ELJ unit transforming the flow field from
the approach conditions. The velocity contour plot at cross section 4 (CS-4) demonstrates the
effectiveness of ELJ installations in creating low-flow zones downstream of the ELJ unit near the
bank, thereby mitigating the erosive forces acting on the unprotected channel bank. The
researchers measured similar results in the flume experiments with erodible bank and bed
material, but the CFD modeling provided high-resolution velocity fields adjacent to and through
the ELJ units.

The hydrodynamic drag and transverse forces acting on the single model ELJ unit from the CFD
modeling are summarized in table 12. The measurements obtained from the physical experiments
are included for comparison. Figure 61 displays the directionality of the force components
obtained where the drag force is positive in the x direction (main flow) and the transverse force is
positive in the y direction, toward the channel bank.
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Run II-CFD1

Run II-CFD2

Run 1I-CFD3

Run I1-CFD4

Velocity: Magnitude (m/s)
.22 0.34

0.45 0.56

Source: FHWA.

Figure 66. Graphic. CFD modeling results showing cross-sectional contour plots of the
approach velocities (looking downstream) for four runs.
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Figure 67. Graphic. CFD modeling velocity contour plots for run II-CFD2 through the
model ELJ unit at several cross sections.

The Fp results obtained from CFD modeling showed good agreement with the measurements
from the flume experiments. The differences ranged from a high of 10 percent for run II-4 to a
low of 4 percent for run II-3. Both the physical and CFD modeling confirm that the transverse
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forces were very small in comparison to the drag forces when the ELJ was aligned with the flow.
On average, Fr was 3.6 percent and 1.9 percent of the drag force for the physical and CFD
modeling, respectively. The similarity of the results from both approaches demonstrates that
CFD modeling can be applied to estimate hydrodynamic forces acting on complex ELJ
structures.

Table 12. Physical and CFD modeling estimates of the hydrodynamic forces acting on a
single ELJ unit (model scale 1:25).

Run Characteristics Physical Modeling CFD Modeling

Approach | Approach | Reynolds | Drag | Transverse Drag Transverse

Velocity, Velocity, | Number, | Force, Force, Force, Force,
Run VU (ft/ S) VU (m/s) Re F D (N ) F T (N) F D-CFD (N) F T-CFD (N )
II-1 1.03 0.315 77175 13.24 0.42 12.56 0.07
1I-2 1.31 0.400 98000 25.44 —0.91 23.69 —0.12
1I-3 1.51 0.460 112700 37.97 -1.32 36.63 —0.16
11-4 1.66 0.515 126175 48.52 —1.82 53.47 —3.33

Fp.crp = computational fluid dynamics modeling drag force; F7.crp = computational fluid dynamics modeling
transverse force; Re = Reynolds number.

Drag Coefficients for ELJs

The CFD model was calibrated to the physical model runs with the ELJ slightly off the bed and
bank, as shown in figure 35. To obtain estimates of Cp over a wider range of conditions, the
CFD model was extended to a broader set of hydrodynamic conditions using alternative
numerical methods. The extended hydrodynamic conditions and ELJ configurations included
simulations with a wider channel to avoid wall effects, higher approach flows, fully submerged
ELJ units, and cases with the model ELJ unit seated on the channel bank and bed.

The alternative numerical methods were LES and unsteady RANS models. Figure 68 presents Cp
results for an ELJ that is partially submerged with gaps (slightly off the bed and bank), partially
submerged without gaps, and fully submerged with gaps. For a given numerical method, the
coefficient of drag was consistent over a range of Froude numbers, submergence levels, and with
or without gaps. However, the LES method resulted in a higher drag coefficient

(approximately 1.75) while the unsteady RANS method resulted in a lower value

(approximately 1.4).

The CFD analyses were also extended to determine if ELJ length contributed to the drag force
and would, therefore, be a factor in estimating the drag coefficient. Three ELJ unit lengths were
modeled: the standard Ly, 1.5 times Lejj, and 2.0 times Lej;.

All three cases used partially submerged conditions with the same approach velocity

(Vu=12.4 ft/s) and a 7-ft-wide, half-trapezoidal channel to avoid lateral wall effects. The contour
plot in figure 69 shows a depth-averaged velocity magnitude for the three cases. Note that, for
this range of lengths, the flow separation zone is similar for all three cases.
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Figure 68. Graphic. Drag coefficient for a single ELJ unit.

Figure 70 compares the simulated drag force in dimensionless form for the three cases under the
same approach flow velocity and for partially submerged conditions. For the cases of the ELJ
units with 1.5 and 2.0 times the standard length, the obtained Fp were 2.5 and 3.1 percent higher,
respectively. In addition, figure 69 shows that the velocity of the flow passing through the voids
in the ELJ unit rapidly slows after entering. This result suggests that there is an effective length,
which is about two-thirds of the standard Ley, that actively slows the flow. Based on these
observations, ELJ length is not a significant factor in determining the drag coefficient for ELJ
units with lengths greater than the standard Lej; of 3.0 ft at the 1:25 model scale or of 75-80 ft at
the prototype scale.
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Figure 69. Graphics. CFD modeling results showing depth-averaged velocity for a single
ELJ unit with three different lengths.
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Figure 70. Graph. Dimensionless drag force with ELJ length.
MODELING THE UPPER HOH RIVER PROJECT SITE

The Upper Hoh River project site at MP 4.0 was modeled using CFD to evaluate the
performance of ELJs in reducing flow velocities and shear stress along an unstable, eroding
bank. The case study illustrates the potential for using CFD modeling to understand complex
flows through large ELJ structures and to assess the effectiveness of such structures in
controlling bank erosion.

Domain and Mesh for the MP 4.0 Project Site

The researchers constructed the riverbed geometry model from bathymetric surveys and LIDAR
terrain data of the Upper Hoh River project site at MP 4.0 (sites C1 and C2) provided by the
WFLHD. The terrain for the existing condition was developed by merging the LIDAR terrain
data with the surveyed river cross sections and bathymetric data. The terrain data provided by the
WFLHD as .XYZ point-cloud data were numerically enhanced using the Surface-water
Modeling System (SMS) (Aquaveo 2020) and CloudCompare software (CloudCompare n.d.) for
3D point-cloud and mesh processing.

Figure 71 shows the terrain data used to generate the CFD domain. The lower elevations indicate
the main channel as well as the floodplain at the downstream end of the model. The arrows show
the flow direction. Upstream of the site, the active channel width was 400 to 1,200 ft, while
downstream the active channel width was 400 to 1,600 ft. At the site, the active channel width
was narrower, ranging from 250 to 400 ft.

Sand, gravel, and small boulders comprise the streambed material. The gradation analyses
summarized in figure 16 indicates the bed material ranges from sands to 20-inch cobbles with a
Dso ranging from 3 to 10 inches at MP 4.0 (sites C1 and C2).
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Figure 71. Graphic. Terrain for site MP 4.0 annotated with the location and extent of the
ELJs placed for bank stabilization.

Two model domains were generated for the existing site condition at MP 4.0. The “baseline
case” represented the site before installation of ELJs. The second model domain represented the
site with 27 ELJ units installed along the right bank. Figure 71 shows the model terrain in
grayscale to highlight the location and extent of the ELJ placements along approximately

2,900 ft of unstable, eroding streambank.

Each ELJ unit was 80-ft long, 20-ft wide, and aligned along the bank toe. Within each of the two
stabilization sites (downstream and upstream), spacing between the ELJs was approximately
30 ft. Figure 72 provides an example of the flow domain for the upstream bank-stabilization site.

In the CFD model, the bed surface was subdivided into a main channel and a flood plain with
roughness coefficients appropriate for these boundaries. The main channel bank and bed, with
the floodplain and the ELJ units, were transformed in STAR-CCM+ into a surface mesh by
applying the trimmer cell mesher (CD-adapco 2013). A volume mesh was generated with the
same type of mesher. In addition, a denser mesh with an average cell size of 6 inches was used
for the ELJ units and for the areas surrounding the ELJs and streambank to resolve more
accurately the flow field and shear stress distribution on these areas. Figure 73 shows the site
geometry transformed into a surface mesh for the main channel bank and bed, including the ELJ
units along the bank toe. Figure 74 depicts the generated surface mesh for one of the ELJs. The
model used approximately 50 million mesh cells to cover the entire flow domain of the project
stabilization site at MP 4.0 in prototype scale.
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Figure 72. Graphic. Detail of the generated flow domain with ELJs along the toe of the

streambank at the upstream bank-stabilization site (MP 4.0, site C2).

Source: FHWA.

Figure 73. Graphic. Site geometry transformed into a surface mesh for the main channel
bank and bed with ELJs installed along the bank toe.
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Figure 74. Graphic. Surface mesh representation of an ELJ unit.
Modeling Results at the MP 4.0 Project Site

The 3D CFD analysis of the existing site conditions without the ELJs (baseline case) was
compared with the results of the 2D hydraulic modeling performed by the WFLHD using the
U.S. Army Corps of Engineers HEC-RAS 5.0 system. The comparison was based on the 50-yr
flood flow conditions with a design discharge (50-yr) of 58,497 ft3/s and a corresponding flow
depth of 15 ft.

For the 2D model, a Manning’s roughness coefficient of 0.045 was selected for the main channel
and a value of 0.09 was selected for the floodplain areas. Normal flow depth with a 0.01 ft/ft
friction slope was set for the downstream boundary condition.

The CFD model required a few attempts to select appropriate roughness coefficients for the bed
surface of the main channel and floodplain to correct low-flow velocities obtained in the
preliminary models. Adjusting the roughness coefficients of the floodplain surface, which was
covered by grass and bushes, required particular attention. The 3D CFD calculations were
performed with a time step of 0.1 s. Quasi-steady-state conditions were achieved in about 1,000 s
of simulated time.

The water surface elevation results from the 2D and 3D models are compared in figure 75.
Estimated water surface elevations are similar for both models. Extracting depth-averaged
velocities from the 3D model to compare with depth-averaged 2D model results is not trivial.
The results shown in figure 76 show depth-averaged velocities computed in the 2D hydraulic
model are slightly higher along the channel bank than the results obtained in 3D CFD.
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Figure 75. Graphic. Estimated water surface elevations for the 50-yr flood conditions for

2D and 3D CFD modeling.
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Figure 76. Graphic. Predicted depth-averaged velocities for the 50-yr flood for 2D and 3D
CFD modeling.
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After completing the CFD simulation of the baseline case without ELJs, the next model used the
27 ELJ units along the toe of the channel bank to analyze the performance of these structures by
computing the shear-stress distributions on the unstable, eroding stream-bank areas. Figure 77
compares the depth-averaged velocity for 50-yr flood conditions both with and without 27 ELJ
units. In the area of units 1 through 21, velocities near the bank were reduced from baseline
conditions. However, around ELJ units 22 to 27 both increases and decreases in depth-averaged
velocities were observed.

Figure 78 compares CFD-estimated velocity contour plots at two different sections along the
upstream bank portion of the Hoh River near ELJ units 3, 4, and 5. The cross section located
between ELJ units 3 and 4 demonstrates the effectiveness of the ELJ installation in creating low
flow zones in the 30-ft gaps between ELJ units. The cross section located at the longitudinal
centerline of ELJ unit 4 shows how high velocities shown in the baseline case are shifted into the
main channel with the ELJ installation.

Similarly, figure 79 compares CFD-estimated velocity contour plots orthogonal to the
downstream bank portion of the Hoh River at the location of ELJ units 22 through 25. The cross
section located between ELJ units 22 and 23 demonstrates the effectiveness of the ELJ
installation in creating low-flow zones in the 30-ft gaps between the units.

The researchers also examined shear stresses between the baseline condition without ELJ and
with ELJ units in place. Figure 80 shows a portion of the Hoh River where installation of ELJ
units 15, 16, and 17 were anticipated to protect the unstable bank. Figure 81 and figure 82 show
the CFD-estimated shear stress distribution for the baseline case and the ELJ case, respectively.
In the baseline case, higher flow velocities and secondary flow near the bank resulted in shear
stresses of up to 3 Ib/ft?. With the installation of the ELJ units, however, the CFD modeling
showed reduced shear stress on the bank, with magnitudes near 0 to 0.6 Ib/ft%.

The 3D CFD modeling of the with ELJ scenario showed that Upper Hoh River Road would be
overtopped by approximately 1.5 to 2 ft under 50-yr flood conditions, as shown in figure 83. The
inundation would occur near road station 53+50, at the upstream end of the bank stabilization
site. However, the ELJ units would not cause the overtopping; overtopping would also occur in
this area under baseline conditions. The 2D modeling confirms overtopping of the roadway at
this location.

As was shown in figure 82, the ELJ units were typically effective at reducing shear stresses at the
bank for the 50-yr flood conditions. However, at the upstream extent of the installation near road
station 53+50, the effectiveness is not as clear. Figure 84 shows relatively high stresses at the
bank adjacent to road station 53+50. In figure 85, the high stresses at that location remained in
the with ELJ scenario. In chapter 3, the flume experiments for similar flow conditions (fully
submerged ELJ units) also indicated that channel-bank erosion would be observed because of the
highly turbulent flow above and between the bank and ELJ units. Therefore, additional treatment
or countermeasures, such as riprap revetment or ballast on this section of the road, are
recommended to prevent bank erosion resulting from road overtopping and full submergence of
the ELJ units.
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Figure 77. Graphic. CFD modeling comparison of baseline (top) and ELJ (bottom)
conditions of the estimated depth-averaged velocities for the 50-yr flood.
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Figure 78. Graphics. Comparison of velocity conditions at baseline and with ELJs at ELJs
3-5.
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A. 3D CFD model baseline case.
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B. 3D CFD model case with ELJs.

Figure 79. Graphics. Comparison of velocity conditions at baseline and with ELJs at ELJs
22-25.
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Source: FHWA.

Figure 80. Graphic. Location in the Hoh River channel showing representation of selected
installation of ELJ units 15, 16, and 17.
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Source: FHWA.

Figure 81. Graphic. Simulation of the shear stress distribution in the baseline case (without
ELJ units) where ELJ units 15-17 would be placed.
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Figure 82. Graphic. Simulation of the shear stress distribution in the case with ELJ units
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Figure 83. Graphic. CFD-estimated water surface elevation with ELJs showing road
overtopping near road station 53+50.
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Figure 84. Graphic. Simulation of the shear stress distribution near road station 53+50 for
the baseline case under 50-yr flood conditions.
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Figure 85. Graphic. Simulation of the shear stress distribution near road station 53+50 for
the ELJ case under 50-yr flood conditions.
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CHAPTER 5. RESULTS AND DESIGN RECOMMENDATIONS

HYDRAULIC STABILITY ANALYTICAL MODEL DEVELOPMENT

The development of a theoretical model to assess the hydraulic stability of a single ELJ structure
is described in this section. The researchers developed an analytical approach based on the drag
coefficient for ELJs derived from physical and numerical modeling. They also applied additional
experiments to define friction coefficients for model ELJs seated on an erodible channel bed to
develop the stability model. Parts of the stability experiments described in chapter 3 were used to
validate the hydraulic stability model described here.

Figure 86 displays a force balance schematic for a partially submerged ELJ unit. The proposed
stability model relies on good interlocking of the ELJ elements so that the ELJ unit can be
considered a rigid body. The forces considered included the following:

e Buoyancy corrected weight (mrg — F5), where mr is the total ELJ mass, g is gravitational
acceleration, and Fp is the buoyancy of the submerged portion of the ELJ.

e Drag force (Fp) on the ELJ from the water flow. (Flow induced lift and transverse forces
are ignored because their values were small in the flume experiments.)

e Resisting force (Fs) with the channel bed defined as the resisting friction force. (The
channel bank is not considered to simplify the analysis. This assumption is a conservative
assumption for the analysis.)

Source: FHWA.

Figure 86. Schematic. Forces acting on an ELJ under hydrodynamic loads.

A single ELJ structure becomes unstable against flow attack when the drag force (Fp) on the ELJ
structure exceeds the resisting force (Fs). When this occurs, the ELJ will start to move or slide,
causing the structure to fail. This analysis only considers installation of the ELJ on the surface of
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the channel bed and bank with no embedment or supplemental anchoring of the ELJ unit. The
analysis also only considers longitudinal forces. Within this framework, the ELJ is stable when
the resisting force exceeds the drag force, as illustrated in equation 6:

Fs 2 Fyp (©6)
Resisting force (Ffs) is defined in equation 7 as follows:
Frs = (mrg—Fg) - u (7

Where:
Fz =buoyant force.
mr = total mass of the ELJ unit.
g = acceleration resulting from gravity.
w = friction coefficient between the ELJ and the streambed.

Drag force (Fp) is defined in equation 8 as follows:
1 2
Fp = ECDpAupVU ®)

Where:
Cp = drag coefficient.

p = density of water.
Aup = effective projected area of the upstream face of the ELJ unit.

Vu = uniform upstream flow velocity.

The relationship of the destabilizing forces (drag and buoyancy) to the stabilizing force (the ELJ
weight in contact with the streambed) is described by substituting equation 7 into equation 6 to
yield the following in equation 9:

Based upon the geometry and total average material density of the ELJ unit, the ELJ total mass
can be expressed as illustrated in equation 10:

my = Veljpelj = (Weleeleelj)pelj (10)

Where:
Ve = volume of the ELJ unit.
Weij = base width of the ELJ unit.
Leiy = length of the ELJ unit.
Heyy = height of the ELJ unit.
pelj = average density of the ELJ unit.

The average density of a single ELJ structure will be affected by the total number and type of
elements (e.g., log—dolos bundles and logs with rootwads) and by the packing density and
interlocking of these elements within the ELJ unit.
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Buoyancy force (F3) is estimated as shown in equation 11:

Fgp = (Weleelj'YO)pg (11

Where:
yo = flow depth at the ELJ unit.
Wei; = base width of the ELJ unit.

The design flow depth near the ELJ is assumed to be the same as or similar to the flow depth in
the main channel for wide and shallow rivers.

Substituting equation 8, equation 10, and equation 11 into equation 9 and then solving for ELJ
height, the stability relation can be expressed as shown in equation 12:

( CpVi

p
> P
He” - 2Lepjgp

Pelj

+ 1) Yo (12)

Restating the equation as an equality, as shown in equation 13, yields the following:

P ( CpVi
Peij \2Leijou

+ 1) Yo (13)

Helj~M1N =

Equation 13 defines the minimum ELJ height required for hydrodynamic stability for given flow
depth and approach velocity, which are its primary parameters. The equation also illustrates the
effect of p on the unit’s structural hydraulic stability, which is counterbalanced by peji. Thus, pei;
becomes a sensitive parameter and plays a major role in the hydraulic stability of the ELJ
structure. Moreover, the equation shows how the minimum ELJ height can be adjusted by
varying ELJ length.

Figure 87 displays a plot for the hydraulic stability relationship based on equation 13 for three
different ELJ design lengths, where the vertical axis is presented as a ratio of structure height to
flow depth (Heij-min/ yo) plotted against the Froude number. The analysis used a Cp value of 1.75
and a u value of 0.6. The Cp value was determined from the flume force measurements and CFD
modeling. The u value was derived from pulling tests of model log—dolos bundles on rough beds
representative of field conditions to determine the friction angle. The friction coefficient is
estimated as the tangent of the friction angle. The analysis also used the spatially averaged Vu
value immediately upstream of the ELJ unit.

Figure 87 illustrates an effective framework for evaluating the hydraulic stability of an ELJ for
different design lengths and for a range of approach flow conditions, represented by the Froude
number, showing how flow depths and approach velocities have an impact on the hydraulic

stability of an ELJ. The range of Froude numbers is representative of design conditions in the
field.
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Figure 87. Graph. Minimum structure—height to flow—depth ratio required for stability of
three ELJ lengths.

The stability model described in equation 13 was validated with flume experiments (phase III) in
which the standard ELJ installation was tested under both partially submerged and fully
submerged conditions. In these tests, Fr ranged from 0.41 to 0.55, and the ELJ length equaled

75 ft. Referencing figure 87, the ratio of stable structure height to the flow depth should be no
less than approximately 0.87 to 0.92 depending on the Froude number. Since the ELJ unit is fully
submerged with a ratio less than 1, the stability model described in equation 13 predicts that ELJ
units can be stable for some fully submerged conditions.

During phase 111, full submergence was tested in the flume in runs III-5 and I1I-6 (refer to

table 10 for the run parameters) and resulted in failure of the ELJ at the point where the structure
height-to-flow-depth ratio was equal to 0.96. This contradicts the prediction of stability down to
a ratio of 0.92. The difference in result is mainly because the stability model does not consider
channel-bank erosion. During the flume experiments, researchers observed that channel-bank
erosion developed for the fully submerged ELJ condition. When ELJ structures became
inundated, highly turbulent flow developed above the ELJ on the top of the unprotected channel
bank. Consequently, bank erosion occurred rapidly, affecting the interlocking of the elements
and increasing the vulnerability of the upstream face of the ELJ unit to hydrodynamic forces.

Additional phase III experiments in the flume, including runs III-8 and III-9, demonstrated that
reinforcing the upstream face (failure zone) increased hydraulic stability but did not mitigate the
bank erosion induced by the highly turbulent erosive flow right above and between the ELJ
elements and the existing bank top.
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HYDRAULIC DESIGN CONSIDERATIONS FOR ELJ STRUCTURES

When properly designed, ELJs can be structurally stable against hydrodynamic forces and
streambed scour. Moreover, scour experiments and CFD modeling in the prototype scale showed
the effectiveness of ELJs in deflecting river flow away from an eroding bank area and reducing
velocities and shear stresses along the unstable, eroding bank area in the gap between ELJ units
in series. However, flume experiments showed that the ELJs do not perform well for fully
submerged conditions, suggesting that the design of ELJ height should include some sort of
safety factor (SF) or freeboard (FB) to avoid unintended submergence of the ELJs. FB is defined
as the distance from the top of the ELJ to the water surface (Hejj — y0).

Adding ELJs to a stream or river channel changes flow conveyance patterns, preventing erosion
and protecting banks. Hydraulic modeling of pre- and post-installation conditions is appropriate
to determine whether changes in conveyance might create unintended erosion or instability
issues elsewhere in the channel. The risks of unintended consequences may be greater for ELJ
units that are large compared with the size of the river. While no specific limits for ELJ size
compared with river width are suggested in this research report, hydraulic modeling is a useful
tool for identifying potential problems.

Safety Factors and Freeboard

Safety factors can be embedded as coefficients in the design equations or as correction
coefficients for a few parameters, such as flow velocities. HEC-23 Design Guideline 4 for riprap
revetment recommends an SF equal to or larger than 1.1 when designing bank revetments used to
provide erosion protection for streambanks (Lagasse et al. 2009). Safety factors greater than 1.1
are recommended where there is significant potential for impact from large debris or uncertainty
in the estimated design velocity. However, there is likely much more uncertainty associated with
ELJ installations compared with riprap revetment. USBR and ERDC (2016) employ SFs ranging
from 1.5 to 2.0.

Figure 88 displays an example of applying an SF of 1.3 compared with 1.5 in equation 13 based
on design uncertainties, such as the estimated velocity distribution in meandering rivers, and
because of the potential for woody debris carried by the river entangling on the ELJ and creating
additional destabilizing forces. This was observed during the flume stability experiments, when
dislodged logs with rootwads from ELJ units upstream were entangled by the downstream ELJ
installations.

Freeboard is another approach for considering uncertainty in the design. A minimum FB of 3 ft
is recommended by the WFLHD as shown in appendix A for the Upper Hoh River Road project.
Figure 89 provides a comparison of a family of curves from figure 87 with a set of curves where
3 ft is added to the calculated ELJ height from equation 13. Since the minimum height values
computed from equation 13 are less than the water depth, adding 3 ft to the minimum ELJ height
will not provide 3 ft of freeboard. In this case, the required minimum height with 3 ft of
freeboard is the water-surface depth plus 3 ft.
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Figure 88. Graph. Hydraulic stability model from equation 13 compared with curves with
SFs of 1.3 and 1.5.
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Figure 89. Graph. Hydraulic stability model from equation 13 compared with curves with
3 ft added to the minimum value.
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The recommended design procedure is to first apply the appropriate SF' to the minimum ELJ
height computed from equation 13 (based on the stability model), as shown in equation 14:

CpV3
Hotjsu = [ p (A+ 1) yO]SF (14)

Pelj \2Le1jgH
Where Hejj-sm is the minimum height of the ELJ unit based on the stability model.

This computation defines the minimum ELJ height required for hydrodynamic stability for a
given flow depth and approach velocity. The equation includes an SF with a recommended value
of no less than 1.5 to account for uncertainties in the hydraulic conditions, materials, and
construction.

For the type of ELJs used in this research report, a Cp of 1.75 is used in the design equation. The
value of u is taken to be 0.6 based on a friction angle of 31 degrees for the bed material. For
other bed materials with a different friction angle, the friction coefficient should be taken as the
tangent of the friction angle.

This equation provides an estimate of height, ensuring that that ELJ unit is above the water
surface elevation during design flow conditions. As previously noted, a minimum FB
requirement of 3 ft is recommended. To assess this, compute the freeboard-based height, as
shown in equation 15:

Hej_pg = Yo + FB (15)
Where Heij-r5 1s the minimum height of the ELJ unit based on the F'B requirement.

Height estimates from both the stability model and freeboard are then compared. The larger of
the two is taken as the recommended minimum height of the ELJ unit, as represented in
equation 16:

Hyj = max[Helj—SM: Helj—FB] (16)
Packing and Material Density

Stability of an ELJ unit requires sufficient material density and packing density to resist
buoyancy and drag forces. A tighter packing density using 33 log—dolos bundles (rather than 25)
in addition to 14 rootwads and 7 key dolosse was employed in the flume experiments. This
resulted in a packing density of 0.001 log—dolos bundles per cubic foot of ELJ unit volume and a
density of 0.00042 rootwad logs per cubic foot of ELJ unit volume. This higher packing density
resulted in the densities and void ratios summarized in table 13. The unit weights used for the
single elements in this analysis are wood at 30 1b/ft?, concrete dolos at 150 Ib/ft, and water at
62.4 Ib/ft>. ELJ units with lower densities, higher void ratios, or both will exhibit a reduction in
stability.
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Table 13. Density and void ratios for 33 log—dolos ELJ units (excluding key dolosse).

Parameter Prototype Model
Net density (Ib/ft%) 72.9 71.5
Void ratio 0.71 0.71
Submerged density (Ib/ft?) 65.5 65.1

Table 14 summarizes the minimum recommendations for packing density, net density, and
submerged density of the ELJ units. The minimum packing densities are used to estimate the
number of log—dolos bundles and rootwads required in each unit.

Table 14. Minimum packing density and material density.

Parameter Minimum Requirement
Log—dolos bundle packing density 0.001
(bundles/ft?)
Rootwad packing density 0.00042
(rootwad logs/ft?)
Net density (Ib/ft%) 72.9
Submerged density (Ib/ft?) 65.5

The volume of the ELJ unit is computed from the dimensions Wejj, Hej, and Lejj combined with
the side slope of the unit on the stream side and streambank side. As shown in figure 21, the side
slope (H:V) of the ELJ unit on the stream side should be 1:1. The side slope on the streambank
side may vary with conditions, but should allow for good installation of the ELJ unit, preferably
between 1:1 and 1.5:1. Flatter streambank slopes are acceptable, but will require more material
to complete the ELJ units.

ELJ Design Layout Recommendations

One of the goals for this research study was to test and, if possible, enhance the design of ELJs
with dolosse initially developed by the WFLHD. This section presents an improved
recommended installation sequence with particular attention to layer B. The installation sequence
resulted from an assessment of the physical modeling experiments (phase I). Its goal is to
optimize the ELJ installation against flow attack. The recommended installation procedure is as
follows:

1. Place layer A, as shown in figure 90, based on the WFLHD design drawings.

2. Place the first part of the layer B plan, with seven deflector log—dolos bundles, on the
existing unstable bank, as illustrated in figure 91. Care must be taken with the placement
of the two log—dolos bundles located on the upstream end of the ELJ unit, with the main
objective being to close any potential gaps between the bank top and top elements of the
ELJ unit so the approach flow will be efficiently slowed and deflected from the upstream
face into the main channel.
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3. Place six connector log—dolos bundles on top and rotated in a direction similar to the
approach flow, as shown in figure 92. This figure illustrates an efficient way to connect
the deflector log—dolos bundles seated on the existing bank. An important parameter in
this approach is to transfer effectively the weight of the log—dolos bundles located on top
downward onto the deflector log—dolos bundles on the bottom.

4. Place an additional seven deflector or connector log—dolos bundles in layer B to connect
the elements installed on the bank with the elements from layer A, as shown figure 93. In
addition, three logs with rootwads should be added to layer B, filling the large voids
encountered in the system.

5. Place additional deflector log—dolos bundles and four logs with rootwads to connect
elements and fill unintended voids between the elements installed, as shown in figure 94.

6. Add key dolosse at the front face of the ELJ for additional hydraulic stability (optional).

7. Measure the volume of the ELJ unit. Calculate log—dolos bundle, rootwad, and net
densities as well as the void ratio. Log—dolos bundle and rootwad densities should be no
less than 0.001 and 0.00042, respectively. Net density should be no less than 71.5 1b/ft3,

and the void ratio should be no greater than 0.71.

Figure 95 shows an elevation view of the upstream face for the completed installation of the ELJ
unit. As noted previously and illustrated in the figure, the H:V slope of the channel bank may
vary between 1:1 and 1.5:1 based on existing conditions and recommendations provided by
WFLHD.

This research did not evaluate alternative spacing lengths between ELJ units. Therefore, the

recommended design adopts the 30-ft spacing recommended by WFLHD, which was tested in
the flume experiments and used in the CFD model of the MP 4.0 site in prototype scale.
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Source: FHWA.

Figure 90. Graphic. Plan view of the installation sequence of an ELJ unit (layer A).

Sourc: FHWA. |
Figure 91. Graphic. Plan view of the installation sequence of an ELJ unit (layer B-I).
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Source: FHWA.

Figure 92. Graphic. Plan view of the installation sequence of an ELJ unit (layer B-II).

Source: FHWA.

Figure 93. Graphic. Plan view of the installation sequence of an ELJ unit (layer B-III).
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Source: FHWA.
Figure 94. Graphic. Plan view of the installation sequence of an ELJ unit (layer B-1V).

EXISTING BANK TOP

SECTION A-A - UPSTREAM FACE
Source: FHWA.

Figure 95. Graphic. Elevation view of the final ELJ installation.
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CHAPTER 6. SUMMARY

Engineers at WFLHD are installing long-term stream-bank stabilization solutions that are
intended both to stabilize the highway infrastructure and to minimize environmental impacts.
ELJs with precast concrete dolosse are being considered for use in the Upper Hoh River Road
bank stabilization project. These constructed logjams mimic those found in nature. In a natural
river system, logjams typically form when large trees fall into the water and become embedded
in the riverbed, creating an obstruction that captures additional logs and debris moving
downstream. Such logjams can redirect the channel and mitigate destructive erosive forces. As
an additional benefit, the logs and debris can create or enhance fish habitat.

The researchers tested a 1:25 scale model of a proposed ELJ design in a flume at TFHRC under
different flow conditions on both movable bed and bank material and a fixed bed and bank. The
team complemented physical modeling with CFD modeling to investigate the stability of
proposed ELJ installations during floods and to advance the design of ELJs for stream-bank
stabilization.

Based on the cases evaluated, several findings were developed from this research project:

e ELJs proved to be effective in deflecting high-velocity approach flow away from the
erodible streambank and into the main channel.

e Drag coefficients and friction factors were derived for this type of ELJ unit based on
force measurements and CFD modeling.

e The effectiveness of important structural modifications to the ELJs, such as placement of
key dolosse, addition of riprap, and partial burial of the ELJ, was determined.

e Results obtained from the ELJ model with movable bed and bank material showed that
localized streambed scour around this structure does influence its stability.

e A repeatable ELJ unit design can provide structural stability against high-velocity flows
and streambed scour with an appropriate combination of wood and ballast meeting
specific density- and void-ratio requirements.

For ELJs to be effective, they must be stable and effectively protect the erodible bed and bank.
As developed in this study, stability depends on ensuring sufficient packing density of the ELJ
elements, such as the log-dolos bundles; sufficient anchoring; alignment with the flow field; and
an ELJ unit height that extends above the anticipated water surface under design flow conditions.
In this study, anchoring was achieved by providing sufficient ballast (the concrete dolos) rather
than with pins, piles, or other strategies. The development of a design equation and physical
model testing ensured a sufficient height for stability that extended above the anticipated water
surface.

As part of the stability analysis, drag coefficients were developed with a value of approximately
1.75 when using the approach velocity and full-frontal area of the ELJ to estimate longitudinal
drag forces. Transverse forces were measured to be minor and were, therefore, neglected in the
force balance analyses.
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Based on the physical experiments, a friction factor was also estimated to determine the friction
angle. For this study, a value of 0.6 was estimated based on a friction angle of 31 degrees and
provided consistent results. However, the ability to transfer this value to other sites or to reliably
estimate a friction angle given the variability of ELJ designs and bed materials has not been
evaluated.

With respect to scour around the base of the ELJ unit, scour was observed in the channel bed, but
not with sufficient magnitude to cause failure of the ELJ unit. Strategies for reducing scour, such
as locating key dolosse at the base of the ELJ unit or adding riprap to the bed in the ELJ voids,
tended to increase or not affect scour and did not improve stability of the unit. Therefore, the use
of key dolosse at the base of the ELJ parallel to the channel and installation of a riprap layer are
not recommended. Other strategies such as partially burying the lowest layer of log—dolos
bundles or placing key dolosse at the upstream face of the ELJ unit provide minor benefit in
increasing hydraulic stability but do not protect against bank erosion.

Channel-bank erosion was consistently observed when the ELJ unit became submerged even if
the unit remained stable. This led to the recommendation that the ELJ unit must extend above the
anticipated water-surface elevation. It was also observed that strategies that reduced channel bed
scour, as described previously, did not prevent channel-bank erosion.

Several design recommendations emerged from this research related to ELJ height, packing
density, unit spacing, and safety factors. ELJ height recommendations are based on a force
stability analysis that estimates the minimum recommended height with the further restriction
that the ELJ not be fully submerged under design conditions. In addition, maximizing packing
density is important for increasing stability by adding mass, reducing the porosity of the unit, and
ensuring the log—dolos bundles and rootwad logs interlocked firmly.

While the researchers did not broadly study spacing between ELJ units, they did confirm the
30-ft spacing developed by WFLHD as reasonable to protect an erodible channel bank. In
addition, the spacing provides habitat diversity and reduces the cost of installation compared
with a continuous installation without spacing between units.

The researchers also evaluated safety factors, including the use of freeboard. There are many
uncertainties in ELJ design, including hydrologic uncertainty, variations in materials and
installation practices, possibility of interaction with large woody debris, and others. A safety
factor is strongly recommended for selecting an ELJ height. This study illustrated the use of an
SF of 1.5 for the Upper Hoh River Road project.

The results of this study are intended to be useful for other projects. Variations in materials,
channel bed and bank conditions, hydraulic conditions, drag coefficients, and other parameters
require that the designer consider the site-specific characteristics before adapting these findings
to other sites. However, the methods presented in this study provide a template for adapting these
findings to other sites.

This research achieved the goal of creating environmentally friendly stream-bank protection and
local fish habitat. Findings from this research should be of considerable interest to river
engineering designers who may build similar structures for road-bank stabilization projects.
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APPENDIX A. WESTERN FEDERAL LANDS HIGHWAY DIVISION ELJ DESIGN DRAWING
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Figure 96. Drawing. WFLHD design details.
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APPENDIX B. DESIGN EXAMPLE

This appendix contains an example of an ELJ design based on the Hoh River sites at MP 4.0 and
MP 7.8 described in chapter 1. For ELJs composed of log—dolos bundles and rootwads,
implementers should follow these design steps:

1. Determine the appropriate hydrologic design conditions and compute preinstallation
hydraulic conditions.

2. Select trial log and dolos dimensions, ELJ unit dimensions, and spacing consistent with
site characteristics.

3. Estimate an initial ELJ unit height (Hey).

4. Select densities for log—dolos bundles, rootwad packing, and materials.
5. Validate initial assumptions and revise design, if necessary.

6. Lay out ELJ unit.

These steps are described in the following sections as applied to the MP 4.0 and MP 7.8 sites,
which have similar conditions.

STEP 1: DETERMINE HYDROLOGIC AND HYDRAULIC DESIGN CONDITIONS

The hydrologic design event should be selected based on applicable design criteria for the
roadway or project. For this example, the 0.02 annual exceedance probability event (50-yr return
period) is selected. The estimated 50-yr design discharge is 58,000 ft*/s in the Hoh River with
active channel widths ranging from 250 to more than 400 ft at the locations of interest.

A hydraulic model should then be applied to determine the average velocity (Vv) and flow depth
(vvu) upstream of the anticipated ELJ installation. In this example, the hydraulic model yields an

average velocity of 12.1 ft/s and a depth of 15 ft resulting in a Froude number (F7) of 0.55. The

design methodology is applicable for a range of Froude numbers between 0.2 and 0.55.

STEP 2: SELECT TRIAL DIMENSIONS

Implementers will next make an initial trial selection of dimensions for the logs and dolosse and
the ELJ units. The log length and diameter should be chosen based on available materials,
dimensions of wood in natural logjams in the area (if any), the flow depth (yv), and the channel
width. If onsite materials will be used, the availability of existing wood informs the selection.
Log lengths should be roughly equivalent to the flow depth to provide a good opportunity for
interlocking between log—dolos bundles within the ELJ units. Channel width should be
considered so that the bundles do not unnecessarily constrict the channel. For the design depth of
15 ft determined in the previous step, somewhat longer log lengths are needed. Therefore, 20-ft
lengths of wood with diameters of 19 to 25 inches are chosen.

The dolos dimensions should be compatible with the log dimensions and achieve the necessary
packing and density requirements described in a later step. For the initial trial dimensions of the
dolosse, the relationships on which this research report are based can be used. For a 20-ft log, a
dolos dimension of 8 ft 4 inches can be used. Three logs and one dolos are selected as the initial
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log—dolos bundle. An initial trial dimension of the ELJ unit should be selected based on the log
length as follows:

e To allow for the placement of the log—dolos bundles, set the initial base width (Wej) equal
to the log length, which is 20 ft in this example.

e Set the initial longitudinal Le; within a range of three to four times the log length, which
is between 60 and 80 ft in this example; therefore, a 75-ft length is selected.

e Set initial spacing between multiple ELJ units (L) to 1.5 W, which is 30 ft in this
example.

Initial ELJ unit dimensions and spacing may be adjusted slightly to fit the site.
STEP 3: SELECT ELJ UNIT HEIGHT

The ELJ height (Hey) should be estimated from the stability model and a minimum freeboard to
allow the unit to extend above the water surface under design conditions. The minimum height
based on the stability model was defined previously in equation 14. Using the minimum
recommended SF of 1.5, the stability model minimum height is calculated as shown in
equation 17:

Heljosm = [ p (ﬂ+ 1)y0] SF = [ﬂ(ﬂ+ 1) 15] 15=21ft (17)

Pelj \2Le1jgi 72.9 \2(75)(32.2)(0.6)
Where:

Hejj-si = minimum height of the ELJ unit based on a stability model.

p = density of water.

p- = average density of the ELJ unit (unsubmerged). (Initial value = 72.9 1b/ft>.)
yo = flow depth at the ELJ unit.

Vu = uniform upstream flow velocity.

Cp = drag coefficient (1.75).

Lej = length of the ELJ unit.

g =acceleration resulting from gravity.

w = friction coefficient between the ELJ and the streambed (0.6).

SF = safety factor.

The second estimate of Hej; is based on the minimum freeboard requirement, FB, as described in
equation 15, using a minimum recommended freeboard of 3 ft, as illustrated in equation 18:

Hel]_pB=y0+FB=15+3=18ft (18)

Compare the height estimates from both the stability model and freeboard, and take the larger of
the two as the recommended minimum height of the ELJ unit, as described in equation 16 and
illustrated in equation 19:

Heyj = max|Hoyj—su. Hetj—pp| = max[21,18] = 21 ft (19)
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STEP 4: SELECT ELJ UNIT PACKING AND MATERIAL DENSITY

Stability of the ELJ units relies on a combination of sufficient material density and packing
density to resist buoyancy and drag forces. Table 14 summarizes the minimum density
requirements for the components included in the ELJ unit as well as the materials used in those
components.

Use minimum packing densities to estimate the number of log—dolos bundles and rootwads
required in each unit based on the material properties and the volume of the ELJ unit. For this
example, the ELJ unit has a gross cross-sectional area of 530 ft> based on ELJ H:V slopes of

1:1 on the streamside and 1.5:1 on the channel bank. With a length of 75 ft, the total gross
volume of the ELJ is 39,750 ft*. Based on table 14, the minimum number of log—dolos bundles is
39,750 x 0.001 = 40, and the minimum number of rootwad logs (rounding up to the nearest
whole unit) is 39,750 x 0.00042 = 17.

The net density of the materials in the ELJ unit should also be computed based on the proportion
of logs, dolosse, and rootwads; their dimensions; and their unit weights. The net density should
be no less than the value given in table 13. The required minimum submerged density shown in
the table implies a maximum void ratio in the ELJ unit of 0.71.

STEP S: VALIDATE INITIAL ASSUMPTIONS

Initial assumptions as to log lengths as well as values for yo, ELJ dimensions Wej and Lejj, and pei
should be used to estimate Hej;. The hydraulic modeling with the preliminary ELJ design in place
should be compared to the initial velocity and depth values. The initial assumptions about
material properties should also be validated against those used in the original estimates. If
significantly different, the steps should be repeated until there is no further change in the values.

STEP 6: LAY OUT AND PLACE ELJ UNIT

Finally, the ELJ layout follows the recommended placement described in figure 90 through
figure 94. The base layer (layer A) of log—dolos bundles and rootwads should be placed on the
streambed to provide a foundation for the remaining ELJ installation. The remainder (layer B)
will be placed in several stages. It is important that the log—dolos bundles and rootwads be
interconnected so that the ELJ unit acts as a single structure. The layout and placement for this
example is based on 40 log—dolos bundles and 17 rootwads for each ELJ unit:

1. Place layer A as shown in figure 90, but with a 75-ft Lej.

2. Place the first stage of layer B with deflector log—dolos bundles on the unstable bank as
illustrated in figure 91. Care must be taken with the placement of the two log-dolos
bundles located on the upstream end of the ELJ unit. The main objective is to close any
potential gaps between the bank top and top elements of the ELJ unit so the approach
flow will be efficiently slowed and deflected from the upstream face into the main
channel.
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. Place additional connector log—dolos bundles on top. Rotate them to be approximately
parallel to the approach flow for layer B-II, as shown in figure 92. This is an efficient
way to connect the deflector log—dolos bundles seated on the streambank. Placement
must allow effective transfer of the weight of the log—dolos bundles located on top to the
deflector log—dolos bundles on the bottom. Because this example requires 40 log—dolos
bundles, a total of 8 bundles are placed in this layer.

. Place an additional set of deflector or log—dolos bundles in layer B-III to connect the
elements installed on the bank with the elements from layer A, as shown figure 93. In
addition, logs with rootwads are added to layer B to fill the large voids. Because this
example requires 40 log—dolos bundles and 17 logs with rootwads, a total of 10 bundles
and 5 logs with rootwads are placed in this layer.

. Place additional log—dolos bundles and logs with rootwads to connect elements and fill

voids between the elements for layer B-IV, as shown in figure 94. Because this example
requires 40 log—dolos bundles and 17 logs with rootwads, a total of 6 bundles and 5 logs
with rootwads are placed in this layer.

. Add individual dolosse at the front face of the ELJ for additional hydraulic stability
(optional). In this example, none are added.

. Measure the volume of the ELJ unit. Calculate log—dolos bundle, rootwad, and net

densities as well as the void ratio. Confirm all densities remain within satisfactory limits.
Figure 95 shows an elevation view of the upstream face of the completed installation of
the ELJ unit.
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