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Abstract

This dissertation investigates the hydrodynamic and sediment transport processes around
nature-based river restoration structures, with a focus on engineered log jams (ELJs)
and large woody debris (LWDs). Although adding wood to rivers is a popular practice
to mimic Nature, most designs have been based on experience rather than a thorough
understanding of their impact on flow dynamics and sediment transport.

Scour, a stability-threatening process around in-stream structures, also contributes
significantly to their ecological benefits. While it has mostly been studied for solid, simple
geometric structures like bridge piers, it is essential to investigate scour around nature-
based solutions (NBS) to ensure that river restoration projects achieve their objectives.
This research addresses this gap by analyzing the complex interactions between porous,
geometrically complex structures and their environment, focusing on both hydrodynamics
and morphodynamics.

The primary hypothesis of this work is that the porosity and shape complexity
of these structures are key factors controlling sediment transport. This hypothesis is
explored through a combination of flume experiments and high-fidelity computational
fluid dynamics (CFD) simulations. The aim is to uncover the fundamental physical
processes that occur around and within these NBSs and to develop a quantitative
framework for predicting sediment transport and scour in river restoration.

Understanding the mechanisms of scour requires a thorough investigation of turbulent
flow dynamics, bathymetric features, wall shear stress, and precise quantification of
these factors. By quantifying these physical processes around complex porous in-stream
structures, appropriate equations for predicting maximum scour depth and its temporal
evolution are developed.

This work is organized into four main parts. First, flume experiments were conducted
to study the flow and sediment transport around engineered log jams (ELJs) with varying
porosities and placements. These experiments provided detailed measurements of flow
patterns, scour depth, and sediment transport, which were used to derive new equations
for estimating scour depth. Specifically, modifications were made to existing solid
structure equations to account for the effect of porosity. The experiments also introduced
two definitions of porosity, i.e., surface and volumetric porosities, in a accurate general
formula for equilibrium scour depth. The findings were validated against real-world river
restoration projects, ensuring their practical relevance.

The second part of this work focuses on high-fidelity computational fluid dynamics
(CFD) simulations to investigate the coupled flow and sediment transport processes around
ELJs. The simulations emphasized the quantification of flow characteristics, particularly



turbulent flow patterns and bleeding flow through porous structures. Using the immersed
boundary method, the model provided detailed insights into flow contraction, vortex
formation, and velocity profiles. These simulations helped reveal how porosity alters the
hydrodynamic behavior around the structures, offering a more thorough understanding
of the differences between porous and solid structures.

The third part extends the CFD simulations to emphasize the quantification of wall
shear stress, scour depth, and sediment transport rate around porous and solid ELJs.
These simulations enabled the development of a semi-theoretical model for predicting
the temporal evolution of scour depth, incorporating porosity as a key factor. The model
integrates physical processes such as bed shear stress distribution and sediment transport
dynamics, offering a more generalized and accurate prediction tool than previous models
purely based on empirical data fitting.

The final part focuses on experiments and simulations of large wood structures with
porous rootwads, capturing the flow and sediment transport around these complex
geometries. The experiments were conducted to shed light on the differences in flow and
equilibrium bathymetric patterns around a log with a rootwad and a single cylindrical
log. Previous studies often simplified LWDs to simplified shapes like cylinders or blocks,
missing their true complexity. Hence, this research also examines how much geometric
detail is needed for accurate simulations of in-stream structures, comparing fully resolved,
solid, and porous rootwad models to assess their effects on flow dynamics, sediment
transport, and the temporal evolution of these processes
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Chapter 1
Introduction

1.1 Motivations and Methodology

1.1.1 Background and Motivations

Nature-based in-stream structures are integral to river restoration practices. These
structures are designed to restore rivers’ natural functionalities. The physical and
ecological benefits provided by the large wood structures have made them a preferred
choice in nature-based solutions (NBS) [Wohl et al., 2019, Shields Jr and Nunnally, 1984,
USBR and ERDC, 2016]. Naturally formed examples include large woody debris (LWD),
which can be composed of fallen trees, logs, stumps, root wads, and branches. Engineered
structures, such as engineered log jams (ELJs), mimic natural formations such as LWD.
Despite the popularity of using large woods in river restoration practices, there are still
knowledge gaps on how they work, what restoration goals they can achieve, how to
ensure their longevity, and how to maximize their benefits [Bernhardt et al., 2005, Doyle
et al., 2007, Lepori et al., 2005].

Understanding erosion around in-stream structures is crucial, as it can undermine
structural stability and lead to significant repair costs, as seen in cases of bridge failures
[Coleman et al., 2003]. Scour, one of the most critical consequences of sediment transport
around in-stream structures, can be classified into several major types: general scour,
contraction scour, and local scour [Wang et al., 2017, Richardson and Richardson, 2008].
The latter two are closely associated with three-dimensional turbulent flow features.
Therefore, when studying erosion, it is essential to consider the interaction between
sediment transport and flow dynamics.

The complexity and porosity of LWDs and ELJs lead to unique physical changes in

rivers and streams processes, influencing both flow dynamics and erosion. These changes,



in turn, affect various aspects of riverine ecosystems. The resulting hydrodynamics
alterations, such as turbulence and flow acceleration around these structures, impact fish
swimming abilities, energy expenditure, habitat selection, and foraging behavior [Tullos
and Walter, 2015, Gorman and Karr, 1978, Palmer et al., 2010]. Additionally, they cause
flow obstruction and scour pool formation, which are crucial for habitat diversity. The
deeper water in scour regions, characterized by lower temperatures and reduced velocities,
creates favorable conditions for many aquatic species [Abbe et al., 2003].

The main flow features around a solid structure have been comprehensively inves-
tigated. These features include several distinct phenomena, such as flow acceleration
along the sides of the structure, known as contraction velocity, downward flow in the
upstream region, referred to as downflow, and sweeping flow, which varies depending
on the structure’s submergence level. Flow can also recirculate in the wake region, with
shear layers forming along the sides. Each of these flow features can result in vortical
structures, such as horseshoe vortices and wake eddies. These flow dynamics introduce
turbulence and shear stress on the bed, leading to erosion when they exceed a critical
threshold. The erosion pattern is affected by the specific flow formations, which influence
the depth, shape, and distribution of scour and deposition [Melville and Dongol, 1992,
Arneson et al., 2012b, Khosronejad et al., 2012, Wang et al., 2017].

The key question in this thesis work is: how do these aforementioned flow features
change when structures like engineered log jams (ELJs) and large woody debris (LWDs)
are porous and geometrically complex? This porosity allows part of the flow to pass
through the structure, rather than being re-directed around it. Studies have shown
that even adding simple surface openings to hollow piers, which allow flow to enter
the structure, significantly reduces local sediment transport and the maximum scour
depth around the structure [Yang et al., 2021]. How would these effects evolve with
more complex geometries, such as LWDs with varying roughness elements and complex
geometry and internal structures? What would be the outcome of the flow interaction
with irregular surfaces and shapes? Would this interaction introduce additional turbulence
and flow separation in multiple directions, leading to more complex changes in sediment
transport and scour patterns?

Porosity is a common characteristic of nature-based river restoration structures made
from large wood or other natural materials, such as vegetation. Numerous studies have
been conducted to understand flow and sediment transport around vegetation. However,
in most of these studies, porosity was fixed in the vertical direction, which differs from the

complex formation of large wood structures. Porosity plays a crucial role in vegetation



flows, primarily due to the bleeding flow through pore spaces, which influences the
flow field, turbulence, shear stress, and ultimately the bathymetry. Previous vegetation
flow studies showed that interstitial flow through pore spaces creates diverse hydraulic
conditions, helps trap and decay pollutants, and reduces geomorphic impacts on fluvial
systems [Chen et al., 2012, Aberle and Jarvela, 2013, Nepf, 2012, Zong and Nepf, 2012].

Although some studies have explored the effects of logjams and woody debris on
flow and sediment transport through physical and numerical models [Gallisdorfer et al.,
2014], no general guideline exists for quantifying river responses, such as scour depth,
while accounting for porosity. Often, the scour is estimated using the Federal Highway
Administration’s Hydraulic Engineering Circular-18 (FHWA HEC-18) [Arneson et al.,
2012b], which is designed for solid piers and does not account for porosity. The lack of a
standardized approach leads to significant uncertainties in engineering practice. Since,
current designs often rely on simplified models that fail to capture the complex hydraulic
and bathymetric features of natural in-stream structures.

As the riverbed evolves, so do the processes driving its evolution [Schalko and
Nepf, 2024], and a fixed bed does not represent this dynamic process. Some studies
have attempted to understand sediment transport by focusing solely on flow dynamics
[Schalko et al., 2021b, Koken and Constantinescu, 2014]. These studies are useful for
understanding the initiation of sediment transport processes, but they do not fully
address the evolution and equilibrium conditions. Thus there is a lack of research that
quantitatively investigates the concurrent interplay between flow and sediment.

Another area that requires more attention is the realistic representation of nature-
based solutions (NBS) structures. Most previous studies have focused on simplified
cylindrical solid shapes [Schalko et al., 2021b, Wilcox et al., 2006], which do not capture
the full complexity of natural structures. For example, researches have indicated that
the rootwad of a fallen tree plays a significant role in altering both flow and sediment
dynamics. In riparian environments, fallen trees along the bank can contribute to both
bank erosion and bank protection, depending on the circumstances. In general, the
rootwad increases flow blockage, creates local scour underneath, and may also shield the
bank. However, the turbulent flow and sediment transport around LWD with a rootwad

have not been thoroughly investigated [Zhang et al., 2020c,b, Ravazzolo et al., 2022].

1.1.2 Flume Experiments

Flume experiments around in-stream structures with erodible beds are highly valuable in

understanding key flow features, such as reduced velocity regions, turbulent zones, shear
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layer extents, and downstream recirculation. Additionally, they help capture bathymetric
details at equilibrium, including the maximum scour dimensions, the shape of scour
holes, and deposition bars. Capturing these features also provides valuable data for
validating numerical models. While computational models can be cost-effective with
proper validation, they have not been thoroughly tested for accuracy around complex
woody structures in rivers. Therefore, comparing CFD models with ground truth data
from controlled experiments is essential. Advanced flow measurement techniques, such
as Acoustic Doppler Velocimeters (ADVs) [Nikora and Goring, 1998], have been used to
measure three-dimensional (3D) flow velocities in turbulent flows, providing key data
on mean velocity, Reynolds stresses, shear stresses, and turbulent kinetic energy in
applications of open channel flow [Ferro, 2003, Garcia et al., 2005, Duan et al., 2009,
Acharya, 2011, Papanicolaou et al., 2001].

To validate coupled flow and sediment transport around in-stream structures at
equilibrium condition, flume experiments must be well-structured and run long enough
to capture the equilibrium scour depth, as bathymetry evolution is a very slow process.
Velocity measurements and bathymetric features should be recorded at equilibrium for
effective CFD validation. Equilibrium condition is defined as the time when changes
in sediment transport become negligible. Data collected from experiments that reach
equilibrium is also essential for developing useful scour depth equations.

However, few experimental studies have explored a variety of conditions for complex
in-stream NBSs that include erodible bed. In the case of porous ELJs, Ismail et al.
[2021] compared solid and porous ELJs made of stacked dowels, finding significant
differences in flow and bathymetry. They developed a correction factor to relate the scour
depth of porous structures to that of solid ones. However, further research is needed to
account for the range of porosities found in natural ELJs and large woody debris (LWDs).
Additionally, porous rootwads, often present in large wood structures, have yet to be
studied.

One of the key challenges in flume experiments is capturing accurate velocity data
near an evolving bed without interfering with the erosion process. In addition, conducting
point measurements like Acoustic Doppler Velocimeters (ADV) is time-consuming, and it
becomes particularly difficult to measure and visualize the flow field inside and very close
to porous restoration structures. However, these near-bed and near-structure information
are critical for understanding the underlying processes and are essential for developing
more accurate scour estimation equations. They play a key role in calculating wall

shear stress, a driving factor in the erosion process. Utilizing computational modeling



extensively validated with laboratory experiments can help us investigate the effects
of internal flow through porous structures on flow and sediment transport around
complex shapes. This approach overcomes the limitations of relying solely on engineering
experience to assess flow and sediment transport in nature-based solutions (NBS) for

river restoration.

1.1.3 Computational Modeling Studies

Modeling approaches vary significantly in their ability to capture the complexity of
flow. One-dimensional (1D) models, such as the PHABSIM habitat assessment model
[Waddle, 2001], simplify hydraulics but cannot capture localized flow features. In contrast,
two-dimensional (2D) models, such as the one in He et al. [2009], attempted to model the
effect of in-stream structures on channel morphology by including porosity as a resistance
force in the porous zone. Fluvial processes around in-stream woody structure and ELJs
are mostly modeled in two-dimensions (2D) in previous studies [Bennett et al., 2008,
L’Hommedieu et al., 2020]. Nevertheless, such models are not able to capture details in
3D since they are depth-averaged and assume hydrostatic pressure distribution. Another
significant assumption in these 2D models is that the vertical flow velocity is negligible,
which is not true near structures. As a result, the value of these models for capturing
complex 3D flows around in-stream structures is limited.

Scour is a three-dimensional process even around simple cylindrical piles and piers
and is even more complex around complex woody materials. It is imperative to use a 3D
model to compute scour because vertical fluid motion is very prominent near structures
and is a primary contributor to the local scour. Three-dimensional models, such as that
in Smith et al. [2011], examined the hydrodynamics around complex LWD structures
but did not consider morphological changes.

The widespread application of 3D high-resolution computational modeling in hydraulic
engineering has been made possible by advancements in computing power and algorithms.
These models are particularly suited for problems involving detailed local flows, such
as flow and scour around LWDs and ELJs. By coupling flow and sediment transport,
these methods offer valuable insights into flow and erosion dynamics that are difficult to
capture through experiments and field measurements.

In 3D computational fluid dynamics (CFD) models, the governing Navier-Stokes (N-S)
equations for flow are commonly solved with different numerical methods. For practical
purposes, the turbulence is usually captured with the Reynolds-averaged N-S equations
(RANS) or large eddy simulations (LES) approaches. With RANS, no turbulent eddies



are resolved. Instead, all are modeled. With LES, eddies greater than the local grid scale
are resolved [Kang and Sotiropoulos, 2015a], which can give more detailed flow features
and dynamics. However, while LES offers greater accuracy in modeling turbulent flow, its
high computational cost, combined with the long and slow nature of processes like scour,
makes it impractical. For this reason, RANS is often preferred for practical applications
involving erodible beds due to its efficiency in handling complex flows over extended
periods.

Extensive numerical studies have been done on formation or suppression of von
Karman vortex street around porous in-stream structures such as porous rectangular
cylinder, porous disks, and square porous pile at low to moderate Reynolds numbers
[Jue, 2004, Ledda et al., 2018]. For instance, a study of flow around porous disks showed
that the vortex street occurs close to the structures if the disk’s permeability is low. If
the porosity is intermediate, the recirculation zone occurs further down the disk, whereas
in the case of highly porous disks there is no recirculation zone [Cummins et al., 2017].
However, the range of Reynolds number in such studies on porous structures are at low to
moderate values which is different than the highly turbulent flows in rivers and streams.

Many previous studies have simplified the geometry of LWDs and ELJs as simple
cylinders or solid blocks, as shown in works by Allen and Smith [2012], Lai and Tullos
[2014], and Reichl et al. [2005]. Numerical studies on groynes, which often lack vertical
variation in geometry, revealed three-dimensional flow structures in both emergent and
submerged configurations, with submerged cases showing more complex vortical systems
in and around the embayment [McCoy et al., 2006, 2007, 2008]. In the case of groynes,
the importance of submergence on flow behavior was well observed. However, the case
of ELJs and LWDs is more complex, as they often exhibit submergence variations. For
instance, the addition of a rootwad to a submerged log introduces an emergent element,
further complicating the flow dynamics. These emergent elements are often porous as
well, adding another layer of complexity.

Research into flow around porous structures in rivers is very limited. Koken and
Constantinescu [2014], for instance, investigated flow structures inside and around a
rectangular array of cylinders using eddy-resolving numerical simulations to examine
coherent structures’ role in sediment entrainment. However, their study focused solely
on hydrodynamics and did not explore the morphological changes. In the study of
cross vanes and similar structures, there are also examples of computational research
only focused on hydrodynamics [Kang et al., 2011, Kang and Sotiropoulos, 2015a, 2012,

2015b]. In the literature, coupled hydrodynamic and morphodynamic simulations have



been conducted in the application of other scenarios, such as large dunes in meandering
streams and J-hook and rock vanes [Khosronejad et al., 2011, 2018, 2015], emphasizing
on the importance of integrated approaches to develop effective design guidelines for rock
vane structures.

For a 3D model, to accurately calculate sediment transport, it must produce smooth
and accurate wall shear stress (WSS) and account for the dynamic interaction between
the structure and the erodible bed, which causes dynamic burial or exposure of the
structure. Some previous scour models using moving mesh techniques are limited
to simple structures and are inadequate for complex structures like LWDs and ELJs
[Roulund et al., 2005, Olsen and Kjellesvig, 1998, Liu and Garcia, 2008, Escauriaza and
Sotiropoulos, 2011, Jacobsen and Fredsoe, 2014, Baykal et al., 2017]. Similarly, models
that only allow vertical bed movement are also insufficient [Escauriaza and Sotiropoulos,
2011, Khosronejad et al., 2012]. A suitable model must dynamically cut and slice the
structure geometry through the bed. Efforts have been made to use advanced algorithms
such as the immersed boundary method for flow and sediment transport around solid
structures in river and coastal regions [Jasak et al., 2007, Liu and Garcia, 2008, ?]. Their
improvements provide smoother wall shear stress calculations and introduce a realistic
sand slide algorithm that couples flow and sediment transport computations, effectively
addressing the aforementioned challenges.

In this research a high-fidelity 3D model is used to investigate the effects of porosity and
geometric complexity on flow and sediment transport. This work utilizes an unstructured
mesh and an immersed boundary method which produces smooth wall shear to capture
the erosion processes around and within ELJs and LWDs with root wads.

The research goal is to reveal the flow and transport processes around and within
porous in-stream structures inspired by nature. Experiments were conducted, and
advanced computer models were used to examine the physical processes of flow and scour
around complex restoration structures made of large wood in highly turbulent river flows.

The first focus of this research is ono turbulent flow, which behaves uniquely in
the presence of porous structures. To determine the wake zone and flow acceleration
zone around ELJs and LWDs, the velocity and turbulence were measured and analyzed
experimentally and numerically. Based on the results, we identified areas of high
turbulence, flow separation, and large wake regions with low velocity, all of which depend
on porosity. These flow features and regions are related to sediment transport and the
resulting bathymetric features.

The second focus of the research is on sediment dynamics. Scour patterns and scour



depth were analyzed. For practical applications, scour depth is a key for design. Proper
scour depth equations were proposed through a comprehensive parametric study using the
experimental data. The proposed formula is tested against a rare set of field measurement
data on the South Fork of the Nooksack River, Washington. Temporal scour depth
equations were also proposed using dimensional analysis of experimental data.

Additionally, a semi-theoretical temporal scour depth equation was proposed based on
the physics of the problem and numerical results. The relationship between scour depth
and shear decay around porous structures was captured. For the first time, equations
estimating the temporal evolution of scour depth around porous in-stream structures
were introduced. These equations were derived from dimensional analysis of experimental
data, along with an additional equation based on the physics and numerical results. The
resulted model can be used to assist practitioners in design and assessment of in-stream
porous structures.

To achieve the research goal, both flume experiments and computational modeling
were conducted. First, flume tests were conducted to study the physical processes. Two
series of experiments were conducted in the flume: the first for ELJs and the second for
LWDs. In all cases, flow was in a clear-water regime, considering two types of structures
(single ELJs and LWDs) and two different placements of structures, either on the side or
in the center of the flume, with different porosities and shape complexities.

The second part of the research involves modeling flow and sediment transport. An
existing 3D scour model, was used [Song et al., 2022b]. For scour simulations, the RANS
k — w turbulence model was adopted due to its computational affordability. Overall six
simulations were conducted. Two simulations were performed for a porous ELJ and a
solid structure. Additionally, four simulations were performed for the LWD application,
involving a fully resolved single log, a log with a porous rootwad, and two simplified
representations of the rootwad. In one case, the porous rootwad is modeled using a
porosity model approach, while in the other, it is represented as a solid cylindrical block.

Results were analyzed in depth.

1.2 Research Questions and Objectives

The goal of this study is to develop reliable methods for understanding and estimating the
physical processes around nature-based solutions for river restoration. Porosity, turbulent
flow and erosion introduce significant complexities that affect hydraulics and restoration

practices. Current design methodologies are not well-suited for LWDs and ELJs. This



work aims to address the following scientific questions:

1. What are the impacts of porosity and shape complexity on hydrodynamics and

sediment transport around in-stream structures?

2. How much geometric detail should be resolved in computational models of ELJs
and LWDs?

3. How can existing equations for solid structures be adapted and improved for

application to porous structures?
Addressing the research questions is achieved through the following specific objectives:

1. To quantify the effect of porosity in porous in-stream structures on flow and its

impact on morphodynamics:

o Conduct flume experiments in a hydraulic flume for ELJ and LWD models.

e Use CFD simulations on both solid and porous structures, validated by

experimental flow and bathymetric data.
2. To quantify the sediment transport:

o Analyze flume experiments to provide equilibrium bathymetry and maximum

scour and deposition data at specific observation times.

» Validate and analyze 3D scour numerical models to capture the full dynamic

evolution of the bed.

3. To develop a general equation for estimating maximum scour depth considering

porosity:

o Develop a scale-independent equation for predicting maximum scour depth
through dimensional analysis, using experimental and field data considering

two types of porosity: bulk (volumetric) porosity and surface porosity.

e Conduct dimensional and analytical analysis into the relationship between
shear decay and scour depth leveraging numerical data to estimate temporal

scour rate

4. To assess the impact of geometric simplification on physical processes:



e Conduct hydraulic flume experiments on in-stream structures, comparing

simplified logs with porous rootwads on an erodible bed.

e Perform CFD simulations using three approaches to represent the rootwad:
fully resolving geometric details, using a porosity model, and modeling as a
solid block.

o Evaluate the accuracy of the porosity model and solid block in simulating
both flow and sediment transport by comparing them with the fully resolved

case and experiment result.

1.3 Dissertation Organization
This dissertation is organized as follows:

o Chapter 2: Experimental Study on ELJs and Improving Predictive

Formulas

This chapter details the flume experiments conducted on engineered log jams
(ELJs), examining the effects of porosity on mean velocity, turbulence, morphology,
and bathymetric features. A correction factor for predicting maximum scour depth,
based on porosity, is presented. It also includes a dimensional analysis of temporal

scour depth evolution around ELJs.

o Chapter 3: Computational Modeling of Coupled Flow and Sediment
Transport Around ELJs

This chapter focuses on computational modeling of coupled flow and sediment
transport around ELJs, with an emphasis on methodology, model validation and

the analysis of flow structures.

o Chapter 4: Utilizing CFD Modeling in Scour Prediction

This chapter builds on the sediment transport modeling, emphasizing model accu-
racy and presenting new equations that link shear decay, scour depth, and sediment
transport rate. It also introduces a physics-based predictive formula for temporal

scour depth that incorporates the effects of porosity.

o Chapter 5: Flume and CFD Analysis of Porous Rootwads in LWD
Applications

10



This chapter presents a flume and CFD analysis of the impact of porous rootwads
on scour in LWD applications. It includes a comparison of different modeling
approaches for representing rootwads.

Chapter 6: Summary, Conclusions, and Future Work

This chapter provides a summary of the contributions of the research, key conclu-

sions, and suggestions for future work.
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Chapter 2

Erosion and Deposition around
Porous Engineered Log Jams: Flume
Experiments and Improved Pre-
dictive Formulas

2.1 Introduction and Literature Review

2.1.1 Overview

Human activities have significantly altered the physical and biological functionalities of
rivers and streams on Earth [Bernhardt et al., 2005, Vitousek et al., 1997]. Actions such as
removing trees and debris from rivers for flood control [Harmon et al., 1986, Collins et al.,
2002, Veatch, 1906, Triska, 1984] have resulted in significant changes to river morphology,
the loss of aquatic biodiversity, and the degradation of riparian habitats [Graf, 2001]. To
mitigate the negative effects of wood removal on ecosystems and geomorphology, the use
of nature-based solutions is gaining popularity in river restoration projects owing to their
ecological benefits and cost-effectiveness [Wohl et al., 2019, Shields Jr and Nunnally,
1984, USBR and ERDC, 2016].

Both natural formations, such as large woody debris (LWDs), and engineered solu-
tions, such as engineered log jams (ELJs), offer significant promise for river restoration.
[lustrations of different types of Nature-Based Solutions (NBSs) can be found in the
Supplemental Materials. A major advantage of ELJs and LWDs in river restoration
practices is that they create diverse hydraulic conditions and deep scour pools, which

are important for aquatic habitat [Abbe et al., 2003]. ELJs, in particular, have great
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potential for river restoration because they are multifunctional. They provide both
in-stream engineering benefits, such as stream stabilization [Suaznabar et al., 2021], as

well as ecological benefits, such as restoring fish habitat [Brooks et al., 2006].

2.1.2 Background, Knowledge Gaps and Objectives

A key characteristic of LWDs and ELJs is their porosity, leading to complex river
responses compared to solid structures. Researches in [Spreitzer et al., 2020a] and
[Spreitzer et al., 2020b] on large wood accumulations, employing Structure-from-Motion
(SfM) photogrammetry, has demonstrated the feasibility of quantifying porosity in NBSs
comprising wooden materials. Their work, which focused on the characterization of
accumulation shapes, sizes, and porosities, paves the way for future investigations into
how these porosity characteristics influence the physics of flow and sediment transport. In
the context of LWDs, [Spreitzer et al., 2021] explored the impact of wood accumulations
near piers on hydraulics and sediment transport patterns, providing insights into how
spanwise large-wood accumulations influence river dynamics. In the application of ELJs
that partially obstuct flow, [Ismail et al., 2021] has reported some exploratory flume
work on the effects of porosity on flow and sediment transport around ELJs. This paper
reports further research with additional flume experiments to expand the parameter
space and improve predictive formulas to better capture the distribution of porosity on
the ELJ surface and within the whole volume.

Porous river restoration structures bear some resemblance to vegetation. Studies on
turbulent flow in vegetation patches show the importance of porosity on the wake zone
length scale as it depends on the spacing of individual stems. The main cause of such
dependence is the bleeding flow through pore spaces that affect the flow field, turbulence,
shear stress, and consequently the bathymetry [Yagci et al., 2017, Follett and Nepf, 2012,
Kim et al., 2015, Waters and Curran, 2016, Chen et al., 2012, Aberle and Jarvela, 2013,
Nepf, 2012, Zong and Nepf, 2012]. Studies on vegetation are of paramount importance
and have been extensively researched, shedding light on sediment transport and flow
dynamics around them. Ismail et al. [2021] highlighted the unique hydrodynamics around
porous ELJs compared to cylinder array-like vegetation [Manners et al., 2007, Abbe and
Brooks, 2011]. Thus, given the apparent differences in porosity distribution and geometry
between vegetation and ELJs, findings from vegetation flow studies cannot be directly
extrapolated to ELJs.

The scour of bed materials around in-stream structures plays an important role for

creating deep pools and affecting the stability of in-stream structures [USBR and ERDC,
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2016]. Hence, understanding the relationship between flow and sediment transport
is essential for predicting river responses and ensuring the success of river restoration
projects. Erodible bed will evolve as a result of sediment transport induced by the presence
of these structures and flow alterations. Flow acceleration, deceleration, and turbulence
can entrain or deposit sediment [Cherry and Beschta, 1989, Abbe and Montgomery, 1996,
Dixon, 2016, Daniels and Rhoads, 2003]. For instance, Kollmann et al. [1999] noted that
LWDs accumulating on gravel bars significantly affect scour and deposition patterns,
leading to the formation of pioneer islands.

This study is built upon previous works, yet with very clear distinctions. To show
this, a summary of representative hydraulics and sediment transport studies, focusing
solely on the presence of large wood in-stream structures, is provided in Table 2.1. An
extensive compilation of literature on the physical modeling of large wood (LW) through
2011 can also be found in Gallisdorfer et al. [2014]. For instance, investigations have been
carried out on the flow surrounding a single log [Schalko et al., 2021b] or ELJs [Bennett
et al., 2015] placed on a fixed bed. While studies on flow provide valuable insights, it is
crucial to place ELJs on erodible beds to examine their morphological impact.

Furthermore, other studies on wood barriers and porous piles shows the importance
of porosity in flow and sediment transport. The blockage ratio in channels, influenced by
wood leaky barriers, significantly affects flood attenuation and backwater rise [Muhaweni-
mana et al., 2021]. A study on square hollow piles revealed that increased surface porosity
reduced sediment transport and scour depth [Yang et al., 2021]. Other research has taken
a closer look at the morphodynamic aspects of LWDs. For example, Wallerstein et al.
[2001] utilized a hydraulic model to assess the effects of large woody debris (LWD) on a
sand bed, and Schalko et al. [2019a] examined the local scouring induced by spanwise LW
accumulations. The latter research recommends a specific scour equation for scenarios
involving spanwise LW accumulations like those found in fully blocked river cross sections.
However, they did not recommend its use for situations of partial channel blockage,
such as bridge pier scour. Consequently, their equation is not suitable for partial ELJ
scenarios, as studied in this research.

ELJs, with their distinct geometric complexity characterized by large anchored key
pieces and internally racked wood that partially obstructs flow, differ from vegetation
and spanwise LWDs [Addy and Wilkinson, 2016, Abbe, 2006, Xu and Liu, 2017, Manners
et al., 2007, Abbe and Brooks, 2011, Ismail et al., 2021]. This is the main differentiation
point between this work and most previous researches.

Although the design of ELJs in this study is idealized, it holds real-world values.
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It aligns with the designs of apex ELJs, bar apex ELJs, and bank-attached deflector
jam configurations, as evidenced by Abbe et al. [2018], Addy and Wilkinson [2016],
Brooks et al. [2006], and Bennett et al. [2015]. The ELJs utilized in this study are also
similar to those applied in practical scenarios for fish habitats, such as Fish Hotels and
Pennsylvania Porcupine Cribs [Norris et al., 2021, Clark-Kolaks, 2015]. Their design
improves the habitat by offering hiding space for smaller fish from their predators, a
feature that distinguishes it from LWD with uniform porosity.

Currently, no comprehensive guidelines exists for assessing river responses to the
introduction of ELJs, which can lead to uncertainties in engineering applications. Often,
scour equations for nonporous piers or abutments are used when dealing with these
porous structures. The effects of porosity are either only considered in the calculation
of effective blockage area or not considered at all. Ismail et al. [2021] reported the
recommended equations in HEC-18 (Hydraulic Engineering Circular No. 18) for solid
pier scour and in NCHRP 24-20 (National Cooperative Highway Research Program) for
abutment scour under clear-water conditions [Arneson et al., 2012a] are inadequate for
estimating scour depths for porous structures.

The primary aim of this study is to further examine the turbulent flow unique to
the presence of porous structures and to predict areas of sediment transport. We seek
to identify areas of high turbulence, flow separation, and the wake regions with low
velocity. The second focus is the sediment dynamics. Scour pattern and scour depth are
analyzed. For practical purpose, an improved scour depth equation is proposed through
a comprehensive parametric study. In ELJs, two types of porosity exist: volumetric
porosity, and surface or frontal porosity. We show that it is necessary to consider both
surface and volumetric porosities. Existing scour depth formulas for solid structures are
amended to include the effects of porosity. To address the reliance on specific idealized
ELJ configurations and placements mentioned in this paper, we utilized data from other
literature to develop a more generalized scour estimation method. The proposed formula
is tested against a rare set of field measurement data on the South Fork of the Nooksack
River, Washington.

In this study, we performed flume experiments on porous ELJ structures within
a clear-water scour regime. These structures were positioned either on the side or at
the center of the flume. As presented in Table 2.1, there are limited studies on the
impacts of porous ELJs on an erodible bed, considering both hydraulics and sediment
transport. In this study, we examine ELJs, incorporating two distinct porosity values,

thereby extending the scope of porosity ranges addressed in prior research with side and
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Reference Structure Type Phenomena Erodible Porosity ds = Scour
Investigated Bed f(porosity™,...) time
m history

Wallerstein et al. [2001] Partial and Drag and Yes - - No
SW LWD Morphology

Gallisdorfer et al. [2014] Partial side ELJs  Drag Yes ¢y ~ 0.68 and 0.77 - No

Bennett et al. [2015] Partial Side ELJ  Flow and Drag No ¢y ~ 0.68 and 0.77 - No

Gallisdorfer et al. [2016] Partial Side ELJs  Morphology Yes ¢y ~ 0.68 and 0.77 - No

Schalko et al. [2019a] SW LWD Accum. Morphology Yes ¢y = 0.75 f(du,...) No

Schalko et al. [2019b)] SW LWD Accum. Backwater rise  Yes ¢y = 0.75 - No

Schalko et al. [2021b)] Single log Flow No -

Muhawenimana et al. [2021] SW Leaky Barrier Backwater rise No ¢s =04-0.8 - No

= (o = 0.25 - 0.75)

Spreitzer et al. [2021] SW LW flow and Yes ¢y = 0.65 - No
Accum. at piers Morphology

Schalko et al. [2021b)] Single log Flow No -

Ismail et al. [2021] Side and center flow and Yes ¢s = 0.29 (s, ...) No
partial ELJs Morphology (¢py = 0.72)

Miiller et al. [2021] SW ELJ Flow No ¢» = 0.41 and 0.70 - No

Miiller et al. [2022] SW ELJ Flow No ¢y = 0.41-0.70 - No

This study Side and center flow and Yes ¢s = 0.15 and 0.35 f(ps, o, -..) Yes
partial ELJ Morphology (¢p = 0.45 and 0.85)

Vs : Solid volume, ¢ :

*Solid structures are not included in the porosity column

surface porosity, ¢,: Volumetric porosity Accum. : Accumulation, SW: Spanwise, d,: scour depth
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center placements. We delve deeper into the analysis, including maximum scour depth
prediction and ELJs scour time history, which has no existing data in the context of
ELJs. Moreover, for the first time, we consider the impact of both volumetric and surface
porosities on scour depth.

The rest of the paper is structured as follows. The flume experiment details are
introduced in Methodology section. This is followed by presenting the results of mean
flow velocity and turbulent kinetic energy. Afterward, the findings on bathymetry are
discussed. The discussion then extends to the relationship between bathymetry and flow
features. Subsequent sections address the estimation of scour depth and its temporal
evolution. Finally, the paper concludes by testing the proposed scour equation with field
data.

2.2 Methodology

2.2.1 Laboratory Flume and Experiments

The experiments were conducted in a recirculating hydraulic flume with the dimensions
of 15.24 m long, 1.52 m wide and 0.91 m deep (Figure 2.1). The flume bottom was set
to be close to horizontal (Sy = 0.00075 ). The flume is equipped with a pump capable
of generating a maximum flow rate of 240 [/s. A reservoir and a flow straightener are
located upstream of the flume to guide the incoming flow to the test section. Side walls of
the flume are made of glass for visualization. The flume is equipped with an instrument
carriage that allows for horizontal, lateral, and vertical measurements.

The experiments were conducted using square column structures designed to mimic
idealized engineered log jams (ELJs). These experimental flume ELJs were constructed
with a side length of 0.305 m. The ELJs were made from the stacks of wooden dowels
with a diameter of 0.0254 m (Figure 2.1). To fix the position of the testing structures,
two wooden plates on the top and bottom of the stacked dowels and four vertical dowels
at the four corners were used. The vertical dowels were 0.8 m long with a diameter of
0.0254 m. All ELJs were emergent and their height was greater than the flow depth. The
x axis is along the streamwise direction with = 0 defined at the upstream edge of ELJs.
The y axis is along the spanwise direction and y = 0 is defined at the center of the flume.

In experiments, two different placements of ELJs were tested: along the wall (side)
and in the middle of the flume (center). The volumetric porosity, ¢,, of ELJs was

calculated as the ratio of void volume (Vrga — Vpowers) to the total volume (V).
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Here, Vpowers is the volume of dowels. The surface porosity, ¢5, was calculated as the
projected frontal porous area (Aroiar — ABiockea) t0 total frontal area (Aryq) of structures
(Figure 2.2). Here, Apjockeq is the frontal area blocked by dowels.

Building upon the work of Ismail et al. [2021], who reported four cases using the same
flume and setup, this study conducted four additional tests with ELJ’s surface porosities
at ¢s = 0.15 and 0.35 , across two placement locations (side and middle). Hence, we
have conducted our analysis on a more comprehensive dataset with surface porosities ¢
of 0 (solid), 0.15, 0.29, and 0.35, with their respective volumetric porosities (¢,) of 0,
0.45, 0.72, and 0.85. According to Manners and Doyle [2008], the porosity estimates for
wood jams, taking into account their evolution stages (material infilling) in river streams,
vary between ¢, = 0.43 and 0.88. Livers et al. [2020] have also assessed the volumetric
porosity for field cases. They found it spans from 0.1 to 0.9 across various types of stream
jams, ranging from small in-channel structures to large island apex formations.

The flume bed was covered with poorly graded medium sand. The sand depth is
0.305 m. The sediment geometric mean, D, is 0.94 mm and the gradation coefficient
o4 is 1.27. Cobblestone transition zones were placed upstream and downstream of the
erodible bed to ensure a gradual transition from the rigid flume bed to the erodible bed.
The structures were partially buried in the sand at a depth of 0.305 m from the rigid bed
and located 3.35 m downstream of the transition section. The sand bed was extended to
3.85 m downstream of ELJs to ensure that the dynamics of flow and sediment in the
wake region was fully captured. Before each experiment, a scraper was used to level the
sand bed and the flume was slowly filled with water to a depth of 0.305 m above the
sand bed.

The flow discharge was designed such that scour around ELJs was in the clear-water
scour regime, i.e., the background shear stress away from ELJs was smaller than the
critical value. For the sediment used in this work, the target mean velocity and flow
depth were set at U = 0.26 m/s and H = 0.305 m, respectively, with the control of
variable speed pump. The real mean velocities for each experiment slightly deviated from
the target value. The mean incoming velocities are determined at 25 points upstream
of the structure, where the flow is fully developed and unaffected by the structure.
Discharge for each cell around these points is computed by multiplying its velocity with
its area. The average velocity is then derived by dividing the total discharge by the
flume cross-sectional area for each experiment. The measured mean velocities with a
Nortek Vectrino Plus Acoustic Doppler velocimeter (ADV) and other test conditions of

experiments are presented in Table 2.2. The Reynolds number and the Froude number
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Figure 2.1. Experiment setup and initial flume condition

for the target flow condition are Rep = UD/v = 7.9 x10° and Fryg = U/\/gH = 0.15,
respectively. Here, D is the length scale of ELJs which is their side length, v is the
kinematic viscosity, and g is the gravitational acceleration. The mean velocity and the
water depth for clear-water scour were determined through the combination of the Chezy
equation and trial-and-error, such that the Shields number is less than the critical Shields
number. The critical Shields number for the sand used is estimated to be 6, = 0.0171
[Brownlie, 1981, Parker et al., 2003]. The Shields number is defined by Shields [1936] as

U2

9 p—
RgD,

(2.1)

where u, is the shear velocity, R is the submerged specific gravity of sediment, and Dy is
the grain size.
The inlet velocity profile along the vertical direction z was measured with the ADV

in a cross section located at 1 m upstream of the ELJs. The profile was fitted to the

u 30z
— =251 2.2
Uy 5n<ks> (2:2)

log-law with the form of
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Figure 2.2. Surface and bulk porosity definitions

which provided the the Nikuradse equivalent sand roughness, kg, and the friction velocity,
u, Roulund et al. [2005]. To reduce the length of this paper, the fitted inlet velocity
profile is shown in the Supplemental Information. The fitted k; has a value of 0.005
m and u, has a value of 0.015 m/s. ks is 5 times the value of Dso, which falls within
the reasonable range of ks = 1 to 5 times Dso (or Dgs, and Dgyg) as suggested by the
literature [Sumer et al., 2002, Camenen et al., 2009, Julien, 2010]. As a confirmation,
the Shields parameter calculated with Eq. 2.1 has a value of § = 0.015, which is smaller

than the critical value to ensure the clear-water scour regime.

2.2.2 Measurements and Data Processing

After the flume was filled with water to the desired depth, each test was then started by
gradually increasing the flow to the targeted discharge. Local scour around ELJs started
immediately. Depending on the porosity of ELJs, the time to reach scour equilibrium
varied in a relatively wide range (45 to 125 hours; see Table 2.2). In general, the increase
of porosity in ELJs will increase the time to equilibrium.

Tests continued until the bed morphology reached a state of equilibrium, where no
further significant changes were detected in the erodible bed. During the experiments,
we periodically measured the maximum scour depths using a measuring tape affixed
to the engineered ELJ, aligning these measurements with the time elapsed since the
experiment began. Furthermore, we employed photographs to document the exposed
dowels to the flow (which were initially buried), enabling us to confirm the maximum

scour depth and location at specific intervals. Upon reaching this scour equilibrium,
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velocity measurements were taken with an Acoustic Doppler Velocimeter (ADV) both
upstream and downstream of ELJs. These measurements capture the effects that changes
in the erodible bed, such as scour and deposition. Data quality assurance was achieved by
adjusting the ADV measurement properties. Based on recommendations from Garcia et al.
[2005], signal-to-noise ratio was adjusted to be above 20 dB and the signal correlation
was greater than 70%. Sampling frequency is defined as F' = f,L/U., where f, is the
sampling rate, and L and U, are the integral length (flow depth) and velocity scales (free
stream velocity), respectively. F' was set to be greater than 20 in order to prevent errors
associated with filtering. In order to satisfy the F' > 20 requirement, a frequency of 40 Hz
and a measurement duration of 60 s were used. The velocity raw data were post-processed
and de-spiked for analysing the velocity and turbulence using techniques described in
Goring and Nikora [2002]. The time-averaged mean velocity and the fluctuating velocity
components for each point measurement were calculated in the z, y and z directions,

and the turbulent kinetic energy (TKE) was calculated as
TKE =k, = 0.5(u? + v + w?) (2.3)

where u/, v/, and w’ are the deviations of velocity components from the respective means.

Velocity point measurements were made on four horizontal planes located at 0.02,
0.05, 0.08, and 0.15 m from the initial flat bed. The depths of these planes correspond
to z/L values of 0.07, 0.16, 0.26, and 0.49, respectively. The horizontal range of the
measurement section is defined as follows. In the streamwise direction, z/L is from -0.5
to 4 (x/L = -0.5 to 13 for Cases 3, 7 and 8). In the spanwise direction, y/L is from
-1.5 to 1.5 for center placements and y/L is from 0.5 to 2.25 for side placements (y/L
= -0.25 to 2.25 for Cases 7 and 8). Hence, for the middle placement cases, the velocity
measurement grid extended L distance on both sides of ELJs. For side placement cases,
the velocity measurement grid extended at least 2L distance into the middle of the flume.
After velocity measurement was completed, the pump was turned off and the flume was

slowly drained. An Artec Eva 3D scanner was used to scan the final bathymetry.

2.3 Results and Analysis

2.3.1 Mean Flow Field

Explaining the morphological patterns around ELJs requires an understanding of the

flow field. For solid structures such as bridge piers, the flow structure and scour are
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Table 2.2. Summary of test conditions of eight experiments
Case number Case 1* Case 2* Case 3 Case 4 Case b* Case 6* Case 7 Case 8

Structure type  Solid  Solid  Porous Porous Porous Porous Porous Porous

Location Side Middle Side Middle Side Middle Side Middle
Arotal (m2) 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09
ABiocked (m2) 0.09 0.09 0.08 0.08 0.07 0.07 0.06 0.06
s 0 0 0.15 0.15 0.29 0.29 0.35 0.35
s 0 0 0.45 0.45 0.72 0.72 0.85 0.85
H 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Uqve, in(m/s) 0.25 0.26 0.26 0.25 0.26 0.27 0.26 0.25
Qin (m3/s) 0.11 0.12 0.12 0.17 0.12 0.12 0.12 0.12
Fry 0.14 0.15 0.15 0.14 0.15 0.15 0.15 0.14
Rey 75335 80215 79605 76250 79300 81740 78995 76250

* Ismail et al. [2021]

well understood. For example, the major flow features are the downward flow toward
the bed in the upstream region, the horseshoe vortex around the structure, and the
wake downstream. Subject to these flow features, sediment particles may be picked up
and carried downstream, resulting in scour [Melville and Coleman, 2000, Garcia, 2008].
With porosity, these major flow features are altered, which has implications for sediment
transport. The schematic diagram of flow alteration around a porous ELJ compared to
solid model is shown in Figure 2.3. In this section, detailed analysis is made on the flow

features.

Approaching flow deceleration

Contours of mean streamwise velocity on a horizontal plane at half water depth, z = H/2,
are shown in Figure 2.4. For all cases, the flow decelerates in the upstream region
of ELJ. The degree of deceleration depends on porosity and the placement of ELJs.
To quantify, the streamwise and spanwise velocity profiles at z = H/2 are shown in
Figure 2.5. As porosity increases, the velocity deceleration upstream decreases. Flow
deceleration also depends on the placement of ELJs in the flume. For instance, the flow
deceleration in upsteam of ELJs is more pronounced for side placement cases compared
to center placements. For the solid cases, at /L = -0.25, the streamwise velocity in the
upstream region drops to 0.75U and 0.5U for center and side placements, respectively.

For porous structures, the upstream velocity drops less to 0.9U for center placement
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with ¢, = 0.29 and 0.75U for side placement with ¢, = 0.35. Difference in approaching
flow deceleration stems from a higher stagnation pressure for solid cases and increased

bleeding flow through highly porous ELJs.

Shear layers

Shear layers form due to the velocity difference between the wake and the side regions of
ELJs. The strength and extent of shear layers determine the turbulence and the capability
of the flow to carry sediment. The bleeding flow through porous ELJs reduces the strength
of shear layers through two mechanisms. The first is the increase of downstream velocity
in the wake area and thus smaller velocity difference. The second is the reduction in
blockage effect. Part of the incoming flow passes directly through the porous structure
and thus reduces the amount of flow going along the sides of ELJs. This essentially slows
down the flow in the side regions of ELJs.

The increase of porosity decreases the strength of shear layers. For the solid cases,
the flow separation and shear are more prominent than their porous counterparts. For
porous cases, the shear layer is closer to the ELJ structures than the solid cases. This
can be observed by the streamwise velocity contours in Figure 2.4 and lateral velocity
profiles in Figure 2.5 (b) and (c). For the solid, center placement case, the accelerated
velocity contour line of w/U = 1.1 begins at y/L > 1 and 0 < /L < 2. For comparison,
for most porous ELJs such as Case 8, this contour line starts at /L =0.5 and extends
downstream instead of laterally. The spatial extent of the flow can be used to explain
the spatial variation of the scour morphology, such as the width of the scour hole.

In reality, the porosity of ELJs may evolve with time. The porosity usually decreases
as debris and small wood clog ELJ’s interstitial space. The results in this work implies
that the hydrodynamics and morphodynamics will evolve over time too. Newly installed
ELJs with larger porosity will induce less flow obstruction and shear. However, old ELJs
with decreased porosity will impart more flow obstruction and much stronger shear layers
should be observed. Understanding the dynamic evolution of ELJ’s porosity helps better

design and ecosystem service evaluation.

Wake and recirculation zone

Downstream of ELJs, wake vortices are a key feature that contributes to sediment
transport. Within the wake zone, a recirculation zone may exist if the porosity is not high
enough. A signature of a recirculation zone is the negative streamwise velocity, i.e., w < 0.

Figure 2.4 shows that the area with negative streamwise velocity is larger in the solid
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cases than the porous cases. For ELJs placed in the center, the recirculation zone is closer
to the solid structure and starts at x/L=2 and continues to about z/L = 3 (Figure 2.4
(a)). In contrast, for porous ELJs with ¢ = 0.15, 0.29, and 0.35, the negative streamwise
velocity is negligible indicating the absence of a recirculation zone. However, downstream
of porous ELJs, there exist wake zones characterized by a significantly reduced velocity
magnitude. The same observations are made for ELJs placed along the side of the flume,
which is shown in longitudinal velocity profiles in Figure 2.5 (c).

As depicted in Figure 2.4, the wake and recirculation zone is more extensive for center
placements compared to side placements. For example, downstream of the side solid case,
there is a negative velocity value of u/U = —0.1, which is lower than the corresponding
value of 1/U = —0.4 downstream of the center solid case.

In contrast to the solid cases, the velocity reduction in wake zone for most porous
ELJs placed in the center is low and nearly constant, which can be observed in the
longitudinal velocity profiles in Figure 2.5 (a). Velocity variation in the longitudinal
direction for the solid case continues to x/L=4, which changes by about 50% from
x/L=3.5 to 4, whereas for the porous case with ¢s; = 0.35 the velocity change is less than
10%. Similarly, for ELJs placed along the side (Figure 2.5 (c)), for Case 3 with ¢,=0.15,
the velocity variation continues to /L = 8. For Case 7 with ¢,=0.35, the velocity is
almost constant after x/L > 4.

Differences in the wake and recirculation zone can also be observed in the spanwise
direction. Figure 2.5 (b) and (d) show the lateral profiles of the mean streamwise velocity
at /L = 2. The general trend in profiles for the solid and porous cases is similar. For
porous cases, however, the profiles have more positive values because the bleeding flow
through ELJs reduce or eliminate recirculation. The lateral extent of the wake where
there is a velocity reduction compared to the streamwise velocity is greater for the solid
cases than the porous cases. For ELJs placed at the center, the wake width is y/L > 3
for the solid case, 2 <y/L < 3 for Case 4 (¢s = 0.15), y/L < 2 for Case 6 (¢5 = 0.29),
and y/L < 1.5 for Case 8 (¢s = 0.35). When ELJs are placed along the side, they are
within the boundary layer of the flume’s side way. Thus, a lower velocity reduction is
observed in both lateral and longitudinal profiles. For the solid Case 1, the extent of
lateral velocity reduction is at y/L = 1.75. For porous cases, the same extent is about
y/L = 1.5. For the most porous ELJ (Case 7), velocity recovers to the approaching flow
within a shorter distance from the trailing edge of the ELJs. The implication is that for
more porous cases and side placement, the scour and deposition will be closer to ELJs

and less drastic.
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2.3.2 Turbulent Flow Field

Turbulence is investigated from the point of view of identifying the peak position and
magnitude in this section. This will help us to understand how porous ELJs result in
different bathymetric changes. TKE (k;) contours are shown in Figure 2.6. As porosity
increases, turbulence in the wake of the ELJs decreases, and its peak position happens at
further distances downstream. Peak k; is about five times larger for solid than the porous
case with ¢, = 0.35. For ELJs at the center of flume, the z coordinates of k; = 0.5U?
contour line for solid case is z/l < 2, while for the case of ¢5 = 0.15 it is /I > 2. The
same trend is true for two more porous ELJs. For example, the position of k, = 0.3U?2
starts at x/l = 2.75 for ¢, = 0.29, and x/l = 3 for ¢ = 0.35. When compared to porous
cases, the magnitude of peak k;, as well as the area of higher k; in the contours, are larger
for solid cases. The same trend holds true for structures placed to the side, however
the highest k, value is generally lower than center cases. For side ELJs, the k, = 0.5U2
contour line for the solid case is located at x/L = 2.5 while for ¢5 = 0.15 it is located at a
larger distance (z/L > 3). For two more porous structures, Cases 5 and 7 with ¢5 = 0.29
and ¢, = 0.35 respectively, the peak of the &k, contour line is about 0.1U?2, which happens
on the side and downstream of the ELJs (Figure 2.6). For the TKE contours, it is also
clear that the wake for side-placed ELJs is narrower than that for the center-placed ELJs.

Figure 2.7 shows the longitudinal and transverse profiles of normalized TKE. The
longitudinal profile of TKE shows that the peak for ¢, = 0.15 occurs around z/L = 4,
and z/L = 2 for ¢5 = 0.35. As porosity decreases, the distance from the upstream edge
of the ELJs to the peak turbulence increases.

Shear layers and high TKE variations at the sides and downstream of the ELJs cause
scouring to extend from upstream to downstream. Figure 2.7 (b) and (d) show the
transverse profiles of TKE at x/L = 2. In general, these profiles have similar trends.
TKE increases downstream in the wake and decreases outside. However, the magnitude
and position of high and low values of TKE on the profiles depend on the porosity. In
both center and side channel placements of ELJs, TKE magnitude decreases as porosity
increases. This is because the bleeding flow suppresses the turbulence shear and TKE

production.

2.3.3 Scour hole morphology

Porosity and structure placement have great influence on the equilibrium scour hole

morphology. As an example, Figure 2.8 shows photos of the equilibrium scour holes for
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two porosities of g5 = 0.15 and 0.35 (¢, = 0.45 and 0.85) and two placements (side and
center). They correspond to Cases 3, 4, 7, and 8. The equilibrium bathymetries of all
cases are shown in Figure 2.9 where the scour and deposition are normalized by the length
scale L of ELJs. The position of ELJs are shown with square patches. Qualitatively,
Figure 2.9 and Figure 2.8 show that as porosity changes, scour and deposition differ
drastically in both shape and magnitude. In general, solid cases exhibit more profound
morphological changes than porous cases for both side and center placements of ELJs.

The scour hole morphology can be quantified by maximum scour depth (dsmaz), the
height of downstream bar (z,), and the horizontal and lateral extents (I, [,,and ws; see
Figure 2.10 for their definitions) at the equilibrium. The maximum scour depth, observed
on the upstream side of the structure at equilibrium, initially formed at the structure’s
upstream edge and gradually extended towards its middle during the experiment. The
measured scour hole morphological metrics are listed in Table 2.3.

Scour hole size and depth decrease as porosity increases for both side and center
placements of ELJs. For center-placed cases, the maximum scour depth is about 0.96L
for the solid case (¢s = 0), 0.72L for Case 4 (¢5 = 0.15), 0.68L for Case 6 (¢ = 0.29),
and 0.5L for Case 8 (¢s = 0.35). Thus, scour depth decreases substantially, almost by
50%, from the solid case to the most porous case. As discussed in the previous section, a
shallower scour hole is consistent with the weaker flow deflection towards the bed in the
upstream of ELJs (Figure 2.5) caused by bleeding flow through logs and less stagnation.

The extent of scour in the spanwise direction, i.e., the width of scour hole (wy), is
about 4L for the solid case (¢s = 0), 3.8L for Case 4 (¢s = 0.15), 3L for Case 6 (¢5 =
0.29), and 2.9L for Case 8 (¢5 = 0.35). This is consistent with the shear layer and lateral
velocity deflection analysis presented in Section 2.3.1. Furthermore, with increasing
porosity, the streamwise extents of scour hole (I; and [,) decrease. For instance for the
center-placed ELJ with ¢¢ = 0.15, the longitudinal extent of scour [, is about 4.1L, while
it is about 3L for ¢5 = 0.35. In contrast to low porosity ELJs (Figure 2.9 (a) and (c)), for
higher porosity cases with ¢, = 0.29 and ¢s = 0.35 (Figure 2.9 (e) and (h)), scour do not
extend downstream as much, which can be observed in experiment photos in Figure 2.8.

As the porosity increases, the return flow intensity behind ELJs and wake extent
decrease. Indeed, the return flow area is a good indicator for sediment deposition as seen
Figure 2.9. The streamwise location of the deposition peak is closer to the ELJ and its
scour hole as the porosity increases.

Porosity of ELJs also affected the scour and deposition shapes. For less porous ELJs,

the scour hole downstream of the structure converged to the centerline and formed a
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Table 2.3. Summary of test conditions and results for the eight experimental cases

Case 1* Case 2* Case 3 Case 4 Case b* Case 6* Case 7 Case 8

Structure Solid  Solid  Porous Porous Porous Porous Porous Porous
Location Side Middle Side Middle Side Middle Side Middle
s 0 0 0.15 0.15 0.29 0.29 0.35 0.35
Oy 0 0 0.45 0.45 0.72 0.72 0.85 0.85
dsmaz/ L 0.92 0.96 0.76 0.72 0.42 0.68 0.4 0.5
ls/L > 5 > 5 5.2 4.1 2.5 4 3.3 3
ws/L 4 3 3.5 3.8 2.5 3 2 2.9
2p/ L 0.33 0.35 0.56 0.42 0.1 0.12 0.06 0.3
l,/L 6.81 6.34 7.17 4.88 2.19 3.90 1.73 3

* Ismail et al. [2021]

horseshoe shape (Figure 2.9 (a) and (c)). This was not observed in the study of [Follett
and Nepf, 2012] for solid and dense circular vegetation patches. The results suggest that
the scour hole morphology is affected by the shape of the structures (square vs. circular).

For the center placement of ELJs, the solid case and the case with ¢s = 0.15 have
similar morphological patterns, where the deposition bar resembles a triangular wedge.
For the cases with ¢, = 0.29 and ¢, = 0.35, the deposition bar consists of two elongated
hills separated by an open triangular region in which neither erosion nor deposition have
taken place. The difference between the two groups is caused by whether the flow in the
wake has enough strength to push sediment toward the middle.

Comparing the bathymetry of side-placement cases with center-placement cases, it is
clear that the patterns are similar. If the side wall serves as a mirror, the morphological
pattern of the side-placement cases is half of those for center-placement cases. In addition,

the magnitudes of scour depth and deposition are also comparable.

2.3.4 Overlapping of flow and bathymetric features

The location and magnitude of significant bathymetric features correspond well with the
flow features such as the flow structure, velocity, and TKE (see Figures 2.4 and 2.6). For
example, for Case 3 with ¢, =0.15 and a side placement, the lowest velocity and highest
TKE happen at about x = 4L, after which the velocity and TKE recover back to the
incoming flow condition at about x=7 L. This corresponds well with the depositional
footprint from 4L to 7L in Figure 2.9 (c). For Case 5 with a center placement, the lowest
velocity and the highest TKE are from about 2L to 3L, which is also consistent with
the peak deposition that happens at about 2.19L (see Figure 2.9 and Table 2.3). Similar
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observation can be made for the spanwise extent of bed morphology, which again shows
the strong correlation between flow and bathymetric features.

The depositional bar downstream is directly related to the wake and recirculation
zone behind ELJs. Comparing the mean flow field shown in Section 2.3.1 and the
bathymetry contours in Figure 2.9, it is clear that the recirculation zones have almost
the same footprint as the depositional bars for all cases. It is also found that as porosity
increases, the correlation among the width of wake and shear layer and bathymetric
changes weakens. Nevertheless, the deposition peak occurred at the lowest reduced
velocity and the highest TKE downstream. The spatial distribution of velocity and

turbulence contains valuable information for sediment movement around ELJs.

2.3.5 Scour depth prediction

We propose a new formula for porosity correction for scour depth prediction which
involves both surface and volumetric porosities. Ismail et al. [2021] proposed a simple
linear correction to the clear-water scour formula in HEC-18 and the correction is a
linear function of ELJ’s surface porosity. However, with the extended dataset from
this work and the literature, we found it is beneficial to include the effect of volumetric
porosity. The reason is that ELJs have different designs in practice and wood members
are not evenly distributed within the structures. In a scenario where an ELJ lacks
internal wood or materials, its surface porosity serves as the control for passing and
blocking flow. In general, surface porosity, ¢, can be interpreted as a gate through which
incoming flow enters the porous structures. On the other hand, the volumetric porosity,
¢., characterizes the bulk behaviour of passing fluid and momentum extraction. Thus,
it is the combination of both porosities that determines the overall flow and sediment
transport around ELJs.

A scour depth correction coefficient due to porosity is defined as

dp,s
Se = dL = f(¢57 va) (24)

)

where d, s is the scour depth of a porous structure. d, is the scour depth of the
corresponding solid structure, which is calculated with empirical scour depth equations
under clear-water conditions recommended in HEC-18 for center-placement cases and in
the NCHRP 24-20 Report of abutment scour for side-placement cases [Arneson et al.,
2012a).

Our goal is the functional form for the scour depth correction coefficient s. = f(¢s, @,).
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Our proposed functional form is based on the observed trend from the experimental
data and a simple asymptotic analysis. Figure 2.11 (a) shows the contour plot of s, as
a function of both ¢, and ¢,. Here, s, was calculated based on Eqn. 2.4. The contour
plot includes not only data from this work, but also data for various other porous
structures/features in the literature. The extra data include the finite patch of cylinders
mimicking aquatic vegetation patches [Yagci et al., 2017, Follett and Nepf, 2012, Kim
et al., 2015, Waters and Curran, 2016], porous monopiles Yang et al. [2021], ELJs and
dolotimber structures [Ismail et al., 2021, Merook, 2018, Suaznabar et al., 2021] and
porous paired deflectors [Kim et al., 2016]. All these cases share the same porous nature.
While we recognize the geometric differences between our square ELJ and in-stream
structures from existing literature, we have adapted our equivalent solid scour depth
calculations to suit each specific scenario. Consequently, differences arising from geometry
difference are not contributing to the prediction of scour coefficient. This approach also
accommodates varying erodible bed materials, further standardizing our findings across
different scenarios.

In Figure 2.11 (a), to plot the contour of s., the asymptotic values for ¢5 = 0 (the
vertical axis) and ¢,=0 (the horizontal axis) were also used. When ¢; = 0 or ¢,=0,
either the surface or the whole volume is impervious. Thus, the structure acts like a solid
and s. should have a value of 1.0. At the origin where both ¢, and ¢, have a value of 0,
the structure is a solid (both inside and out), s. has a value of 1.0. The other asymptotic
behavior is as ¢ and ¢, both approach 1.0, i.e., toward the upper right corner point, the
whole porous structure disappears (no solid) and s, should have a value of 0. Along the
diagonal line from the origin to the upper right corner point, the porosity inside and out
is uniform, i.e., ¢s = ¢,, and the porosity correction coefficient s, gradually transitions
from 1 to 0. Ismail et al. [2021] used a linear function for this transition.

The contour lines in Figure 2.11 (a) are L-shaped with significant nonlinearity near
the origin and gradually become linear close to the upper right corner. This behavior

can be described by a production function of ¢4 and ¢, as
Se = 1 - a¢8b¢vc (25>

This functional form satisfies the asymptotic behaviors described above for ¢, = 0 and ¢,
= 0. A non-linear least squares method was used to fit the data and find the coefficient
in Eq. 2.5. Since at the upper right corner point ¢5 = ¢, =1, and s, = 0, a has to be 1.
Setting a = 1, curve fitting resulted in the values b = 0.62, and ¢ = 1.0.
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For comparison, the contours of the fitted function in Eq. 2.5 are plotted in Figure 2.11
(b). It can be observed that fitted equation captures the trend shown in Figure 2.11 (a).
In practice, Eq. 2.5 can be directly used to estimate the porosity correction coefficient
for porous structures.

Our new porosity correction coefficient in Eq. 2.5 improves the predictive performance
in comparison with the simple linear correction proposed in Ismail et al. [2021], which
has the form of

Se=1—¢ (2.6)

where ¢ is the overall porosity. In this formula, it is assumed that the surface and
volumetric porosities are the same, i.e., ¢ = ¢, = ¢,. With this assumption, our new

formula in Eq. 2.5 can be simplified as
se=1—ag"* =1—¢"* (2.7)

It is clear that the major difference between the two is the power to the porosity ¢. Our
new data suggested a non-linear power law instead of a linear law. Our new formula is also
more general because it can consider the disparity in surface and volumetric porosities.
The better performance can be appreciated in Figure 2.11 (c¢) where the measured s, of
all data points and estimated s, using our new formula are plotted together. The root
mean squares error (RMSE) is 0.09 and the R? has a high value of 0.93.

2.3.6 Temporal scaling analysis of scour

The temporal evolution of the scour hole around ELJs is also of great importance to the
design and evaluation of such in-stream structures. Using a similar approach as described
in Song et al. [2022a], we conduct a simple scaling analysis and introduce a novel function
to describe the evolution of scour depth. Previously, temporal scour evolution has also
been studied by Melville and Chiew [1999], Oliveto and Hager [2002] and Yang et al.
[2020] for bridge piers. A comparison with and appraisal of Melville and Chiew [1999]
will be provided.

The scour depth d4(t) can be made dimensionless with the maximum scour depth
ds,maz, Wwhere t denotes time. The dimensionless scour depth can be written as a functional

relationship as follows:

t t
7; or t07¢v>¢s) (28)



where ux is the bed shear velocity and w,. is the critical bed shear velocity, d is sediment
diameter, L is the object length scale, t; is baseline time scale and t. is the equilibrium
time scale for scour. Let sediment size be D, then since L/D > 50, the effect of bed
sediment can be neglected [Melville and Coleman, 2000]. The effect of porosity (¢, and
¢s ) is already embedded in the maximum scour depth dg a.. All other parameters are
the same for all cases and known except the time scale, t,.

According to Song et al. [2022a] baseline time scale can be calculated as ty = L?/q.
In which q is the bedload transport and L is the length scale of the object. There are
many empirical bedload transport formulas. In this work, the one proposed in Engelund
and Fredsge [1976] was used:

q _ . /2 1/2
W_m.mw 0c) (62— 0.70)/%) (2.9)

where the submerged specific gravity of sediment is R = (s — 1) = 1.65 for the sand
used. ¢ is the bed load transport which is dependent on applied shear velocity wu, through
0 = (u?)/(RgD). Applied shear velocity due to contraction velocity along sides of porous
ELJs is calculated to estimate the bed load transport. Here, the contraction flow is the
main scour driver. Contraction velocity itself depends on the surface porosity (¢;), and
blockage of the structures (1 — ¢5)L and width of flume (b), which can be calculated
as Ucontraction = [Ub]/[b — (1 — ¢5)L)]. Having contraction velocity, the applied shear
velocity can be estimated as [Song et al., 2022a, Chen et al., 2019]:

Ucon raction 12.2H
Zeontraction _ g log( - ) (2.10)

Us s

With 6. previously calculated as 0.0171 in the methodology section and the contraction 6
already determined, q can now be calculated. The value of t for ¢, values of 0.35 and 0.15
are (.60 hours and 0.50 hours, respectively. Figure 2.12 shows the nondimensionalized
scour depth of ELJs with surface porosity of ¢s = 0.15 and ¢, = 0.35 of side and center
placement plotted versus the dimensionless time, ¢ /t.

The scour data of all four cases in this study is then fitted to the saturation growth
curve in Eq. 2.11. Figure 2.12 displays the fitted equation, where the value of a represents
the normalized scour depth at equilibrium which is s, = @ = 1.02. When the dimensionless
time is equal to b, the normalized scour depth will be half of the equilibrium value,
or s. = 0.5 at t/tg = b = 29.49. The fitted line in Figure 2.12-a closely matches the

measurement data.
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ds - at/to
ds, max B b + t/tO

(2.11)

To demonstrate the significance of using our proposed formula to estimate the temporal
evolution of scour depth in porous structures, we compared it to the formula presented by
Melville and Chiew [1999] for solid circular piers. To ensure the comparability of our time
scale with Melville and Chiew [1999]’s formula, the equilibrium time scale was estimated
using Eq.2.11. In calculating the equilibrium time scale, it is assumed that the scour
depth is 95 percent of the maximum scour depth ds max. By substituting the scour depth
ratio and the fitted coefficients a and b, the equilibrium time, t., for ELJs with porosity
(¢s) values of 0.35 and 0.15 are calculated as 263.89 hours and 220.33 hours, respectively.
Following a similar methodology as in a previous analysis, we normalized the scour depth
data and time, this time with respect to the equilibrium time ¢., and fitted them to
a saturation growth curve. The obtained results are presented in Figure 2.12-b. Our
findings suggest that our proposed formula is more suitable for accurately predicting the
scour depth of porous squared ELJs, while the equations designed for solid structures
fail to provide an accurate estimate for these structures. Additionally, our proposed
formula provides a more accurate prediction of the initial scour depth than the equation
proposed by Melville and Chiew [1999]. Moreover, the equation proposed by Melville
and Chiew [1999] has a limitation that it is not applicable for times greater than the
equilibrium time scale, and it predicts decreasing scour depth for large time values, which

is physically unrealistic.

2.4 Real World Case Demonstration

The results of the previous sections are based on small-scale experiments. To ensure
relevance and applicability at field scale, a “reality check” with real-world data is essential.
In this section, we test the proposed scour equation in previous section with a real world
case.

The field site is located on the South Fork Nooksack River in the Cascades Range in
Washington State. Over the course of several years, bathymetric and flow data have been
collected at this site. In the 2000s, ELJs were constructed to direct flow into side and
chute channels to increase overall channel complexity and salmon spawning opportunities.
Around these structures, significant morphological changes have been observed and

measured since the installation of ELJs in this reach. Structure-from-motion (SfM) and
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acoustic surveys were combined to measure the detailed topography and underwater
bathymetry of the restoration site.

Table 2.4 provides detailed hydraulics, sediment, and ELJ data. A hydraulic data
measurement of channel flow from field measurements in 2018 is used to estimate the
scour coefficient here. For that measurement, the upstream flow rate was 35.34 m3/s and
the upstream flow depth was 0.6 m. According to the sediment size distributions, Dsq is
about 20 mm. At ELJ #8, the maximum flow depth was 2.5 meters. This resulted in a
maximum measured scour depth of 1.9 meters in the upstream side of the ELJ.

ELJ #8 extends 3.7 meters into the channel and its length along the channel is 9.1
meters. On the left bank of the main channel, ELJ #8 was constructed using 40 logs
(see Supplemental Information). For the construction of ELJs, about 30 m? of smaller
wood pieces (slash) were used to fill the voids of the structure, which was about 30 % of
the total volume. According to the preliminary design documents of the ELJ #8 [Tribe,
2015], the surface and volumetric porosities are calculated (Table 2.4). In the design of
the ELJ#8 some of the logs had rootwad. In the calculation of porosity, we simplified
these logs to cylindrical logs without rootwad. Using the equations in NCHRP 24-20
for abutment scour under clear-water conditions [Arneson et al., 2012a], the solid scour
depth is calculated as 2.5 meters. Hence, using Eq 2.4, the scour depth coefficient is 0.76,
which is consistent with the estimated scour depth coefficient of 0.75 using Eq 2.5.

Table 2.4. Summary of the field ELJ case

Variables Values
Flow rate Q (m?/s) 35.34
Water depth H (m) 0.6
D50 (m) 0.02
ELJ position (-) side
ELJ length D (m) 9.1
ELJ width L (m) 3.7
d)s (_) 0.33
gbv (_) 0.47
d,s (m) 1.9
d,, (NCHRP 24-20) (m) 2.51
Measured s, (-) 0.76
Estimated s. (-) 0.75
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2.5 Discussion

This study focuses on ELJs that partially obstruct flow, with minimal impact on water
surface levels, in contrast to full-channel spanning LWDs that were the focus of numerous
previous studies (Table 2.1).

Our tests reveal that flow features around in-stream structures are crucial for under-
standing the extent of scour and the locations of peak deposition through the analysis of
shear layers, lateral velocity deflection, and peak TKE areas. By collecting data at the
equilibrium state of an erodible bed, we account for new types of vortices occurring within
the scour hole or resulting from the deposition bars, which lead to further sediment
removal. This work offers insights into equilibrium flow dynamics not addressed in
previous studies on flat bed (Table 2.1).

Comparing the bathymetric features of ELJs with those from vegetation patch studies
reveals different scour patterns. Thus, finding a generalized solution for predicting physical
features such as scour for various shapes of porous structures presents a challenge. A
key observation is that ELJs and other porous structures with identical volumetric
porosities may not exhibit the same surface porosities, and vice versa. Typically, patches
of cylindrical dowels, as documented in the literature, display surface porosities greater
than 0.5, positioning them closer to the right corner of the ¢, — ¢s graph (refer to
Figure 2.11). In contrast, ELJs are located on the left side of ¢s = 0.5, with a spectrum
of volumetric porosities.

Our analysis emphasizes the importance of both surface and volumetric porosities in
influencing flow interaction and structure behavior, revealing a nonlinear relationship
between porosity and scour depth. This observation challenges current recommendations
[USBR et al., 2016] for predicting scour around ELJs, which typically overestimate scour
depth by not accounting for porosity.

There are some limitations in the current research. Our analysis assumes constant
porosity, which may not always reflect reality. In the real world, porosity may decrease
due to material accumulation in scenarios of high wood supply and transport. The
volumetric porosities in our experiments ranged from 0.45 to 0.85. Research by Manners
and Doyle [2008] suggests that porosity estimates for wood jams vary between 0.43 and
0.88 during their evolutionary stages in river streams, confirming the relevance of our
selected values in the field.

More research should be conducted to investigate the effects of changing porosity

on flow and scour. Manners and Doyle [2008] showed that changes in porosity within
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naturally formed jams vary with the stages of jam formation. Initially, the stabilization
of a key piece does not significantly alter porosity. For example, the jams studied by
Wallerstein et al. [2001] falls into this initial stage. Manners et al. [2007] reported that
a jam filled with small gravels and branches will not become completely full but will
instead achieve a stable porosity, which is the case for fully accumulated jams. Manners
and Doyle [2008] further observed that once a jam reaches a stable porosity value, the
flow is diverted around the jam, leading to only minor changes in porosity and volume.

Our ELJs, already stabilized with key members, may attract medium-sized or smaller
materials, thus altering the porosity based on their initial state. The flow contraction
and diversion around Cases 1 to 4 resulted in ELJs with the lowest porosity values,
exhibiting behavior similar to natural jams with complete accumulation or older ELJs.
Conversely, Cases 5 to 8, characterized by higher bleeding flow through the structure and
lower flow contraction, exhibit similarities with natural jams that are partially formed.
They are comparable to newly installed ELJs with larger porosity that contain only key
logs and may lead to further debris accumulation. For the field case application discussed
in this paper, the ELJ serves as an example of a fully accumulated jam, as it was initially
filled with small materials such as twigs and gravel. Furthermore, considering that the
timescale of porosity changes substantially exceeds that of bathymetric changes, it is
reasonable to consider the initially designed porosity as stable and the primary factor
influencing bathymetry.

Given the insights from the discussion and acknowledging porosity as a dynamic
variable, we recommend that researchers and practitioners apply the proposed correction
factor for a minimum scour depth estimate and use existing guidelines for solid structures
for a maximum scour estimate. This approach enables informed decisions by providing a

range of scour depth for planning and design.

2.6 Conclusions

This study examines flow and morphological features around porous ELJs that partially
obstruct flow. The bleeding flow through porous ELJs results in reduced contraction
velocity and turbulence production. As a result of these flow alterations, bathymetric
features around highly porous ELJs become less prominent. Scour is reduced and more
localized to the structure. Porosity also influences the shape of bathymetric features.
Depending on the porosity, the reattachment of shear layers downstream of structures

can cause the scour to elongate downstream, extending through the centerline of the flow
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or towards the side wall of the channel. Consequently, the depositional bar in the wake of
ELJs may take the shape of either an open or closed triangular wedge. This comparative
analysis of surface and volumetric porosities of ELJs, alongside morphological features,
provides insights for erodible bed alteration in river restoration and nature-based solution
(NBS) applications.

Current guidelines for predicting scour depth around these NBS are based on princi-
ples designed for solid structures and often overpredict scour depth due to neglecting
porosity. This study conducted experiments and analyzed structures with a wide range of
porosities, leading to an improved scour depth prediction. A scour depth correction coef-
ficient, derived from experimental data and literature, adjusts for surface and volumetric
porosities through regression analysis. This new formula significantly improves prediction
accuracy over previous methods and its applicability has been confirmed with a field
case. Therefore, for practical applications, the findings of this research emphasize the
importance of calculating and collecting both surface and volumetric porosity of in-stream
NBS for river restoration. Additionally, a simple scale analysis captures the temporal

evolution of scour, aiding in understanding the flow-ELJ-sediment system dynamics.
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Figure 2.3. Conceptual flow characteristics past (a) solid, adapted from Lai et al. 2022, and
(b) porous obstructions, (c¢) plan view of flow around ELJs with different porosities
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Figure 2.4. Normalized streamwise velocity contour around ELJs. Plots in a, b, e, and f are
generated using Ismail et al. 2021 data.
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and ¢; = 0.29 data source: Ismail et al. 2021
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Figure 2.8. Equilibrium scour features of Case 3 (a), (e) and (i), Case 4 (b), (f) and (j), case 7
(c), (g) and (k) and Case 8 (d), (h) and (1). First row shows front view of ELJs, second shows
the back view of the ELJs, and third row shows the side view of ELJs.
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Figure 2.11. (a) Contour of scour depth correction coefficient s.. Data are compiled from
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Chapter 3

Computational Modeling of Flow
and Scour around Porous and Solid
Hydraulic Structures: Part 1 - Hy-
drodynamics

3.1 Introduction

Turbulent flow and scour around in-stream structures are crucial to the stability and
longevity of these structures. Many in-stream structures, such as the Nature-Based
Solutions (NBSs) for river restoration, are porous [Shields Jr and Nunnally, 1984, Brooks
et al., 2006, Abbe et al., 2003]. The porosity of these structures makes the flow and
sediment transport unique and more complex. The majority of previous studies were
focused on solid in-stream structures or simply ignored the porosity effects. A prominent
example is scour around bridge piers [Melville and Raudkivi, 1977, Melville, 1997, Kothyari
et al., 1992, Ettema et al., 2011, Roulund et al., 2002]. Even in limited studies where
porosity was considered, great simplification was used. For example, the geometry of
NBSs such as large woody debris (LWD) and engineered log jams (ELJs) was simplified
as simple cylinders or solid blocks [Allen and Smith, 2012, Lai and Tullos, 2014, Reichl
et al., 2005].

The key flow features around solid structures include upstream downflow, lateral
shear layers and lee-wake vortices on the sides and downstream, and horseshoe vortices
near the bed [Song et al., 2022b, Ettema et al., 2011, Garcia, 2008, Melville and Coleman,

2000]. Tt is not clear how porosity changes these flow features. It is possible that new flow
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features unique to porous structures may emerge. One main goal of this research is to
investigate the shared and unique flow features for solid and porous in-stream structures.

Previously, flume experiments have been performed to understand turbulent flow
and bathymetric responses around porous structures such as ELJs on an erodible bed
[Mousavi Darzikolaei et al., 2024, Ismail et al., 2021]. These studies mainly provided
insights on the equilibrium state, such as the velocity, turbulence, and scour patterns
when the system reached final steady state. One major limitation of these flume studies
is that it is extremely difficult to capture the temporal evolution of the system, such as
the flow, bed shear stress and sediment movement at every stage of scour development.

Computational model provide detailed insights into flow near structures and beds
that are difficult to obtain through experiments and field measurements [Ettema et al.,
2017]. Advances in computing power and algorithms have made three-dimensional (3D)
high-resolution computational modeling feasible in hydraulic engineering practices [Zhou
et al., 2020, Lai et al., 2022]. These models are suited for addressing problems that
involve detailed local flow and sediment transport processes, such as flow and scour
around large woody debris (LWD) and engineered log jams (ELJs) [Xu and Liu, 2017].
However, due to the complexity of the problem, previous studies have either focused
solely on turbulent flow or simplified the physics of the problem.

One limitation of previous numerical studies is that fluvial processes around in-stream
woody structures and ELJs have often been modeled in two dimensions (2D) [Bennett
et al., 2008, L’'Hommedieu et al., 2020, Altmann et al., 2024]. Such models are depth-
averaged and assume hydrostatic vertical pressure distribution, which cannot capture
the details in three dimensions (3D). Scour is a three-dimensional process, especially
around structures [Ismail et al., 2021, Mousavi Darzikolaei et al., 2024, Song et al., 2022a,
Beheshti and Ataie-Ashtiani, 2010]. Therefore, a 3D model is imperative to compute
scour accurately.

Many previous 3D numerical modeling researches have focused on understanding
the flow around structures on a fixed flat bed or a bed with equilibrium scour [Koken
and Constantinescu, 2014, McCoy et al., 2007, Constantinescu et al., 2009, Kang and
Sotiropoulos, 2015a, Xu and Liu, 2017]. These studies provided limited information
about the mechanisms of erosion initiation and offered no insights into the evolution of
bathymetric features and the corresponding flow characteristics. Therefore, our second
research objective is to understand the spatial and temporal development of flow features
such as coherent flow structures, wall shear stress, and bathymetric features.

Some relevant numerical studies about porous structures on erodible beds have focused
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on vegetation patches [Li et al., 2022]. However, the geometry of these patches differs
from in-stream structures used in nature-based solutions for river restoration. While
both vegetation patches and these structures share the characteristic of having pore
spaces that result in interstitial flow, the internal flow structures are drastically different.
Within vegetation patches, the constituent stems are mostly vertical. In contrast, LWDs
and ELJs are mostly made of elements stacked both horizontally and vertically. This
distinction causes differences in both flow and sediment transport.

To address the knowledge gap and the limitations in previous studies, this work
utilized a high-fidelity 3D computational model to study the flow and sediment transport
around both solid and porous structures. The key enabler of this study is the immersed
boundary (IB) method implemented in the model to capture the evolution of the sediment
bed and its interaction with the complex structures [Song et al., 2022a).

In the first part of this study, the focus is on the turbulent flow characteristics unique
to porous structures compared to solid ones. Major flow characteristics include velocity
field, streamlines, coherent structures, wake zones and flow acceleration areas around
ELJs. Flow feature identification helps revealing the underlying mechanisms of sediment
transport and the bathymetric features at different stages of scour evolution. The second
part of this study focuses on sediment movement drivers and dynamics, specifically the
wall shear stress, scour patterns, and scour depth evolution around these structures.
Based on the concept of shear decay function, a semi-theoretical model for scour depth
evolution was proposed and evaluated.

The rest of this paper is organized as follows. The computer model is described first
and then followed by the validation using experimental data from Ismail et al. [2021]
and Mousavi Darzikolaei et al. [2024]. Flow field at various stages of morphological
evolution is analyzed and compared. The simulated flow field is also depth-averaged and
compared to highlight and quantify the limitations of 2D modeling approaches. Coherent
flow features are presented to assess the impact of pore spaces in porous structures on
flow fields and bathymetry evolution. The percentage of interstitial flow relative to the
incoming total flow is computed as a metric for reduced flow blockage due to porosity.

This paper is then concluded with a summary.
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3.2 Description of the Coupled Hydrodynamic and Sedi-

ment Transport Model

An existing 3D scour model, ibScourFoam, was adapted and utilized in this work [Song
et al., 2022a]. The turbulence was modeled using the k& — w RANS model, although
ibScourFoam also provides the large eddy simulation (LES) capabilities. Currently, the
use of RANS models is more feasible in this work because scour is a very slow process
(in the order of hours to days). RANS models provide a balance between accuracy and
computational cost.

A typical 3D scour model such as ibScourFoam consists of at least three parts, i.e.,
hydrodynamic solver, sediment transport solver, and the coupling between the two. The
basic idea behind ibScourFoam is to model the erodible bed as an immersed boundary
within a fixed background mesh. The effect of the bed to the flow is through the special
treatment according to turbulent flow within boundary layers. The 3D scour model has
been previously used to study other local scour processes with success [Xu and Liu, 2017,
Song et al., 2022b,a]. In the following, each of these components of the 3D scour model
is briefly described.

3.2.1 Hydrodynamic Solver and Immersed Boundary Method

The governing equations for the hydrodynamics are the unsteady 3D RANS equations,
along with the k-w SST-SAS model for turbulence [Wilcox et al., 1998, Wilcox, 2008,
Spalart and Allmaras, 1992]. The continuity and momentum equations for the 3D

incompressible flow are shown in Equations 3.1 and 3.2.

ou;
oz, 0 (3.1)
ou;  0(uu,) 10p 0 ou;
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where w; represents the Reynolds-averaged velocity component, p is the pressure, v is
the kinematic viscosity, and v; denotes the turbulent eddy viscosity, which models the
turbulent diffusion. ¢ is time, z; and z; are special coordinates.

The k-w SST-SAS model’s governing equations are detailed in Equations 3.3 and
3.4. In these equations, k stands for the turbulent kinetic energy, and w is the specific

dissipation rate, which measures the rate at which turbulent kinetic energy (TKE)
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Here, P, = 1,.5? is the production term, representing the generation of turbulent

kinetic energy from mean flow. The strain rate tensor .S;; is given by:

S - \/QSijSij (35)
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where S is a scalar invariant of the strain rate tensor 9;;, indicating the rate of deformation

of the fluid element. For brevity, additional terms and coefficients specific to the k-w
SST-SAS model presented in Supplemental Information.

In the IB method, the background mesh conforms to the in-stream structure. The
background mesh, which constitutes the computational cells, is classified into three types:
fluid cells, immersed boundary cells, and sediment or solid cells. These cells are identified
based on their position relative to the immersed boundary (sediment bed). IB cells
intersect with the immersed boundary, but their centers fall on the fluid side. Fluid cells
are fully located on the fluid side. Solid cells have their centers within sediment. The
immersed boundary for the erodible bed is shown in Figure 3.1-a, and the details of the
immersed boundary method, including the cell types, are illustrated in Figure 3.1-b.

Flow variables are only solved in the fluid cells. For the IB cells, flow variables are
set using a wall model that utilizes the flow information from the fluid cells. The details
of this wall model is shown in the Figure 3.1-b. In the wall model, three points are
specified: IP, IB, and HP. IB points are at the center of the immersed boundary cells. IP,
or image points, are identified in the fluid cells based on an algorithm that calculates
their location. The distance of the IP points to the immersed boundary is determined by
the smallest size of the IB cells. Specifically, the distance from the immersed boundary
to the IP point, d;p, is equal to 31,;,, meaning the distance is three times the size of
the smallest 1B cell, I,,;,. HP points are the hit points on the normal line that passes

through the image point and intersects the immersed boundary. The flow variables at IP
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points are calculated by interpolation from the neighboring cells.

The wall model is based on turbulent velocity profile theory within a boundary layer.
In reality, for the velocity profile, the log law applies at a certain distance from the
bed. Very close to the bed, i.e., in the viscous sublayer, the velocity profile is different.
In the ibScourFoam model, to avoid discontinuity that may result from using different
wall functions for the laminar sublayer and the log-law layer, the wall model treatment
ensures that both the IP point and the IB point fall on the following log law profile using
an y*-based adaptation strategy [Xu and Liu, 2017]:

v _1y (Ey“> (3.7)
« K v
where u is velocity, u, is the shear velocity, « is the von Karman constant, y is the
distance to the immersed boundary, and E’ is a model constant. After the velocity
at IP is calculated using the neighboring cells, the wall distance, y;;) = y”;—“, is solved
iteratively using the Newton-Raphson method. The shear velocity is calculated based on
the definition of wall distance. For more details on the treatment, which is critical for

accurate and smooth wall shear distribution, interested readers can refer to Song et al.
[2022a).

3.2.2 Sediment Transport Computation

The sediment bed surface is modeled as an immersed boundary, which is in the format
of an unstructured triangular mesh. Sediment transport calculation and the updating of
bed elevations are carried on the mesh. From the hydrodynamic solver, the flow field and
the bed shear stress on the bed surface are available to compute sediment quantities such
as bedload flux [Garcia, 2008]. In this work, the bedload transport formula in Engelund
and Fredsge [1976] was used and it has the form shown in Equation 3.8:

% 18.74(T % —7#.) (T %12 —0.77%1/2) if 7% > 7%, (3.8)
vV Rgdd 0 if 7% < 7%, ‘

Here, R represents the submerged specific gravity (=1.65 for natural sand). The variable
d denotes the sediment grain size. The Shields number is defined as 7+ = |7|/pgRd,
where 7 is the bed shear stress, p is the fluid density, and g is the acceleration due to

gravity. The critical Shields number, 7%,, is calculated using a modified fit of the Shields
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Figure 3.1. Illustration of the immersed boundary method and the treatment of the mobile
sediment bed.

diagram from Parker et al. [2003], which has the form of:

7o = 0.5 % (0.22Re; 0 +0.06 x 107778 ") (3.9)
Where Re, = figdd, Taking the flow direction and the bed slope into account one can
deduce
. 2 t 2 .
TH, = T %0 (cos B\l - ¢ Qan b_ COS¢S]HB) (3.10)
:us /’LS

where [ is the angle of the local slope, ¢ is the angle between the velocity and bed slope,
and p, is the static friction coefficient.

In this work, only bedload is considered because the cases in simulations and flume
experiments are all in the clear-water scour regime. Suspended sediment transport is
very minimal in these cases.

The bedload transport results in bed elevation changes, which can be described by
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the Exner equation [Exner, 1925]:

(1- n)%i” - -V <q0’:|> (3.11)

where 2z, is the bed elevation, n is bed porosity and 7 is the wall or bed shear stress
[Brors, 1999]. Exner equation is a mathematical description of mass conservation for
sediment in bed. It may result in unphysical local bed slope which may exceed the angle
of repose. In reality, when the angle of repose is exceed, sediment particles will slide
down in an avalanche fashion. To account for this physical process, a sand slide model
is employed. Sand slide is a diffusion-like process to smear out excessively steep local
bed terrain. Thus, the diffusion flux is bounded by the exceedance of local bed angle
over the angle of repose. Specifically, the diffusivity for sand slide flux is capped at zero
when the bed angle is less than the angle of repose. Mathematically, the formula for the
diffusivity K is

Ko, if [Vz| >t
g = | o 1Vl = tan(g) (3.12)

0, otherwise
where K is a base diffusivity which can be tuned to ensure numerical efficiency and
stability. It is set to a value that is neither too small, to avoid excessively long sand
slide computations, nor too large, to prevent overcorrection. ¢q is the angle of repose.
Once the sand slide diffusivity is determined, the sand slide process is then governed by
a generic unsteady diffusion equation [Roering et al., 1999, Song et al., 2020]:
8zb

5 = KV?z, (3.13)

The solution of this equation updates the bed elevation due to sand slide until the bed
angle throughout the entire domain is less than or equal to the angle of repose. The sand
slide process is incorporated into the scour simulation after solving the Exner equation.
More details about the sand slide model can be found in Song et al. [2020].

3.2.3 Coupling Flow Computation and Sediment transport

The ibScourFoam model is capable of switching between flow-only mode and coupling
mode with sediment transport. Each simulation can be initialized with the flow-only
mode for a specified period of time to allow the flow to fully develop, after which the

sediment transport mode can be activated. It is well recognized that the time scale for
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sediment transport and morphology (¢,,) is much lager than that for the hydrodynamics
(ty,). To take advantage of this fact, scour models usually use a morphological factor to
accelerate the simulation. The morphological factor « is defined as the ratio between t,,
and ty, i.e., a = t;,/ty.

The ibScourFoam was developed the open source platform OpenFOAM version 5.x
[OpenCFED, 2014]. It is a computational platform for solving generic partial differential
equations using the finite volume method. The details of the numerics are omitted to
reduce the length of the main text. However, key information about the discretization
schemes for the important terms in the governing equations is provided in Table 3.1. In
general, second-order accuracy schemes were used in this work. When numerical stability
issues arose, certain degree of blending with first-order schemes was adopted. Details
about this numerical schemes shown in the table can be found in the User Manual of

OpenFOAM [OpenCFD, 2014].

Scheme Type Discretisation Scheme
Time scheme Implicit backward
Gradient scheme Gauss linear

Divergence schemes General: Gauss upwind

Momentum flux: Gauss linearUpwind
Turbulent kinetic energy flux: Gauss upwind
Dissipation rate flux: Gauss upwind
Scalar field flux: Gauss upwind
Viscous stress tensor flux: Gauss linear
Laplacian scheme Gauss linear corrected
Interpolation scheme linear
Surface normal gradient scheme  corrected for mesh non-orthogonalities

Table 3.1. Discretisation schemes used in the simulations.

3.3 Numerical Simulation Cases

Simulations were conducted on two types of structures: solid and porous. The computa-
tional domain is shown in Figure 4.1. The solid case was based on the experiment in
Ismail et al. [2021] and the porous case was based on experiments in Mousavi Darzikolaei
et al. [2024]. The cases are distinguished by the porous characteristics using both the
volumetric and surface porosities. The volumetric porosity ¢,, defined as the ratio of the
pore space volume to the total volume of the structure, is 0 for the solid structure and

0.85 for the porous structure. Similarly, the surface porosity ¢,, defined as the ratio of
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the frontal porous area to the total frontal area, is 0 for the solid structure and 0.35 for

the porous structure.

(b) ()

| o — —— Side wall
****** Flat bed reach
g 0.0 ‘ w """" Velocity profiles
> : — Simulation domain
-25 [ Structure location
—10 -5 0 5 10
x/D

Figure 3.2. Computational domain: (a) overview of the domain. z, y, and z are streamwise,
spanwise, and vertical directions. x = 0 is on the upstream edge of structure, y = 0 is in the
middle of channel width, and z = 0 is on the initial flat surface., (b) domain for the solid case,
(¢) domain for the porous case, and (d) plane view and coordinate system definition.

Both solid and porous structures have a square cross-section with a side length D of
0.305 m, placed at the center of the flume. As in the experiments, the water depth is
set at H = D, and the simulation domain has a length of 11.5D the porous structure
case and 12.5D for the solid structure case. The width and depth of the domain are

5D and 2D, respectively. The side walls of the simulation domain align with those in
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the physical experiments. The length of the simulation domain is sufficient to capture
the localized morphological changes observed in the experiments. The main flow and
geometric characteristics of the simulation cases are summarized in Table 3.3.

The fluid background mesh contains about 6.3 million cells for the solid structure
case and 3.9 million cells for the porous structure case. Near the structures, the mesh is
refined with increased refinement around the structures and in areas anticipating scour,
especially in the vertical direction. The solid structure case has more prominent scour
and that is the reason that it has more cells. The immersed boundary surface mesh
contains a number of cells specific to each structure type. Its refinement is designed to
be comparable to the horizontal cell size of the fluid domain. The immersed boundary
surface mesh contains 101,508 cells for the solid structure case and 99,798 cells for the
porous structure case.

The boundary conditions are outlined in Table 3.2. For the inlet, velocity profiles, as
well as turbulent kinetic energy (k) and specific dissipation rate (w), were obtained from
a pre-simulation of a channel flow without the structure. This approach ensures that the
inlet flow conditions replicate a fully developed flow profile typical of an unobstructed
channel. At the outlet, the Neumann boundary condition (named “zeroGradient” in
OpenFOAM) was imposed on all flow variables except for pressure, which was set to zero,
ensuring the smooth exit of the flow from the computational domain. The channel’s sides
were treated as smooth rigid walls. The top boundary was modeled using a shear-free
rigid-lid approximation, representing an open-channel flow with no shear stress at the free
surface. Both the solid structure and the porous ELJ were modeled as smooth, rigid walls
to accurately represent the interaction between the flow and these structures, ensuring
no-slip conditions at their surfaces. The sediment bed was treated as a rough wall,
characterized by Nikuradse’s equivalent roughness (ks) of 0.005 m, which was derived
from fitting the measured incoming velocity profiles in experiments [Mousavi Darzikolaei
et al., 2024].

3.4 Model Validation

The computational model was validated with the experimental data from Ismail et al.
[2021] and Mousavi Darzikolaei et al. [2024]. Figure 3.3 shows the spanwise profiles of
dimensionless streamwise velocity, /U, at mid-depth of the flow for experiments and
simulations at three streamwise locations: upstream at x/D = -0.5, the downstream

edge of the structure at /D = 1, and one structure length downstream at x/D =
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Boundary Type Boundary Condition

Inlet specified values for velocity, k, and w
Outlet Neumann (zeroGradient) for all variables except pressure
(p=0)
Sides no-slip
Top slip for velocity, zeroGradient for k, w, and p
no-slip for velocity, wall function for k, wall function for
Structure

w, zeroGradient for p (treated as walls)
rough wall with Nikuradse’s equivalent roughness (k) of

Sediment bed 0.005 m

Table 3.2. Boundary conditions applied in the simulation. The details of the boundary
conditions can be found in the User Manual of OpenFOAM [OpenCFD, 2014].

Parameter Solid Case Porous Case
Mean flow velocity U (m/s) 0.26 0.26

Water depth H (m) 0.305 0.305

Length scale D (m) 0.305 0.305

Surface porosity ¢s (m) 0 0.35
Volumetric porosity ¢, (m) 0 0.85

Domain size (length > width > o) o5y 17n o 95D « 14D x 2H
height)

Total number of cells 6.3 million 3.9 million
Bed Nikuradse’s equivalent rough- 0.005 0.005

ness kg (m)

Median grain size Dso (mm) 0.67 0.67

Critical Shields number 7x, 0.017 0.017

Table 3.3. Summary of computational modeling setups for solid and porous cases.

2. The locations of the three profiles and the overall coordinate system definition are
shown in Figure 4.1. All velocity profiles shown are at scour equilibrium. It is important
to note that the flow field from the computational modeling was not obtained from a
fixed bed hydrodynamic simulation as done in many previous researches [Lazzarin et al.,
2024, Koken and Constantinescu, 2021]. Instead, the flow field and the sediment scour
co-evolved in the simulations until equilibrium, which is significantly more difficult to
achieve good validation results.

The velocity profile comparison shows moderately good agreement between simulations
and experiments. The computer model captures the main velocity profile features and
the overall agreement is satisfactory. The profiles show a reduction in velocity upstream
and acceleration on the sides. They also show that the downstream velocity profiles

recover to its undisturbed shape faster for the porous case compared to the solid case.
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u/U

The inflection point in the velocity profiles in the

experiment is better for the porous case compared

turbulent structures and vortices are mostly smaller

currently used.
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x/D = -0.5, simulation
x/D = 1.0, simulation
x/D = 2.0, simulation
x/D = -0.5, Ismail et al. (2021)
x/D = 1.0, Ismail et al. (2021)
x/D =2.0, Ismail et al. (2021)

x/D =-0.5, simulation

x/D = 1.0, simulation

x/D = 2.0, simulation

x/D =-0.5,

Mousavi Darzikolaei et al. (2024)
x/D=1.0,

Mousavi Darzikolaei et al. (2024)

x/D =2.0,
Mousavi Darzikolaei et al. (2024)

Figure 3.3. Streamwise velocity profile comparison. The velocity profile coordinates are
specified in Figure 4.1.

wake region is at y/D = +1 for the
solid case and y/D = £0.75 for the porous case. The matching between simulation and
to the solid case. This is largely due
to less obstruction and therefore less turbulence in the porous case. In the porous case,
and more localized near the structure.
Many of the vortices are shed behind each individual logs in ELJs. In contrast, the
turbulence and vortices are larger and stronger around the solid structure. Additionally,
for the solid case, the velocity profile upstream matches with the experiment better than
downstream. Part of the reason is that the flow is severely blocked by the solid structure

and the shear is stronger, which may be difficult to capture with the k-w RANS model



3.5 Simulation Results

3.5.1 Three-Dimensional Coherent Structures

The observation is further illustrated by the Q-criterion vortices depicted in Figure 3.4
Hunt et al. [1988]. The Q-criterion is defined on the length scale of the structures.
Figure 3.4 reveals the distinct flow dynamics around solid and porous structures. For the
solid structure, horseshoe vortices form upstream and within the scour hole due to flow
stagnation at the front face and separation at the edges. These vortices wrap around
the base, inducing significant scour due to increased turbulence and flow acceleration.
Conversely, the porous structure allows bleeding flow to penetrate, reducing the strength
of the horseshoe vortices. However, smaller vortices can be seen at the upstream edge of
the scour hole for the porous structure, located on the flat bed very close to the bed.

Downstream of the solid structure, large wake vortices are present, extending to
elevations further from the bed and contributing to sediment transport away from the
structure, deepening the scour hole and extending it downstream (Figures 3.4 a and ¢). In
contrast, the porous structure disrupts the formation of large wake vortices, resulting in
a more dispersed and smoother reattachment of flow to the downstream bed (Figures 3.4
b and d). This leads to reduced turbulence intensity and smaller, less coherent vortices
close to the bed.

Figure 3.4. Vortical structures shown with Q = D (0.305 m) at equilibrium
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3.5.2 Streamlines and Velocity Distributions on Horizontal Planes

Figure 3.5 displays the streamlines on the horizontal planes at mid-depth, illustrating both
the initial stage and the equilibrium condition of the erodible bed. For the solid structure
on the flat bed (initial stage), two counter-rotating vortices are observed in a relatively
large recirculation region downstream of the pier, with reattachment occurring at /D =
5.5. At the equilibrium stage, the vortices are pushed back closer to the structure, and
the shear layers reattach around z/D = 3. Examining the porous structure, there are
no wake vortices downstream of the structure. However, two counter-rotating vortices
occur close to the front edge of the ELJs. These vortices are localized to the logs in the
upstream and do not interact or reattach with each other. They are smaller than those
in the solid case and their sizes scale with the individual logs that generate those voticies.
The lateral redirection of flow in the shear layer is also reduced around the porous
structure compared to the solid case. The differences can be observed approximately by
examining the streamlines. In the solid case, the angle of the streamlines due to shear
layer separation starts at about 30 degrees and reduces to 26 degrees at equilibrium. In
contrast, in the porous case, the angles are smaller, ranging from 17 to 18 degrees.
These detailed flow features inside and around the porous structure are not visible in

experiments due to measurement limitations.

Solid Porous

Initial

Equilibrium

Figure 3.5. Streamlines on the mid-depth horizontal plane.
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Figure 3.6 displays streamwise velocity contours at mid-depth and depth-averaged
velocities for both the initial and equilibrium stages. The plots for the porous structure
are shown in the right column, and those for the solid case are shown in the left column.
At the initial stage, the mid-depth flow contours of streamwise velocity resemble the
depth-averaged velocity. However, in the equilibrium stage the velocity distribution in
the wake region becomes distinctly different specially for the solid case. This highlights
the significant influence of bathymetric features on the flow characteristics.

The shear layer and velocity acceleration begin at the front edges of the structures
and extend along the sides. At the initial stage, the shear layer is stronger for the solid
structure compared to the porous one, and flow deceleration downstream of the structures
is more pronounced for the solid structure. At the equilibrium stage, the strength of
the shear layer decreases. Approaching the equilibrium stage, the differences between
mid-depth and depth-averaged velocity fields become more pronounced, indicating that
mid-depth measurements do not fully represent flow features at this stage. This also
emphasizes the variation in velocity at different depths.

At equilibrium, the reduced velocity in the upstream is more noticeable when analyzing
depth-averaged velocity and considering elevation changes. However, these velocity
features are less apparent at mid-depth. Furthermore, the shear layers acceleration
moves further from the structure and become less pronounced for at. When comparing
the porous and solid flow fields, the size of the negative streamwise velocity region is
larger for the solid structure which is in the order of solid structure length scale. In the
porous case, the negative streamwise velocity region is localized around the logs, scaling
with the individual log diameter in the cross-sectional direction and with the length
of the logs in the longitudinal direction. Velocity deceleration extends far downstream
for the porous structure compared to the solid, and the reattachment of shear layers is
not observed within the domain of simulation for the porous structure. For the solid
structure, the accelerated velocity is on the side of the structure in mid-depth contours,
while flow acceleration occurs further downstream in the depth-averaged contours. Due
to deposition, there is an acceleration in depth-averaged velocity downstream of the solid

structure, which is not observed for the porous structure.

3.5.3 Streamlines and Vorticity Analysis on Vertical Planes

Flow field analysis on vertical planes also reveals key information for the hydrodynamics
around porous structures. Figure 3.7 shows the streamlines on the vertical planes on

the side edge of the structures (denoted as edge slice) and in the middle of the flume
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Figure 3.6. Comparison of streamwise velocity between solid and porous structures on the
mid-depth plane. The depth-averaged streamwise velocity is also shown.

(denoted as centerline slice). In panels (a) and (b), the streamlines on the edge slice
at the initial stage of scour for the solid and porous cases are shown, respectively. At
the initial stage for the solid case, horseshoe vortices form around the structure, and
a reversed flow is present directly within the wake. In panel (a), which is at y/D =
0.5, two flow recirculation zones can be observed: one at /D = 1 and another further
downstream at x/D = 3. For the porous case in panel (b), the reverse flow only reaches
to the mid-length of ELJ and is suppressed before the downstream edge of the structure.

Panels (¢) and (d) show the streamlines on the centerline slice, i.e., the vertical

symmetry plane. For the solid case, the downflow is more pronounced compared to

61



that on the edge slice shown in panel (a). This is as expected and has been shown in
many previous researches. The flow inflection point, where the reversed flow meets the
streamlines in the direction of incoming flow, is observed at /D ~ 5.5 and z/D = 0.5.
For the porous case, due to the flow through the structure (bleeding flow), negligible

downflow or reverse flow in front of or within the structure is observed.

Solid Porous

Initial stage
edge slice

Initial stage
centerline
slice

Final stage
edge slice

Final stage
centerline
slice

Figure 3.7. Flow streamlines in vertical slices

Panels (e) and (f) depict the streamlines at the equilibrium stage on the edge slices.
For the solid case, the downflow recirculation zone size increases compared to the initial
stage, resulting in a complete recirculation within the scour hole. At this stage, the
strength of the downflow becomes insufficient to transport sediment from the bottom of
the scour hole. For the porous case, the downflow is relatively weak. The streamlines move
downward as they have more vertical space opened up by the scour hole; the streamlines
now follow the contours of the bathymetric features. For instance, the deflection of the

upward movement of streamlines in the downstream extends longitudinally from x/D =
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1.5 at initial stage to /D = 2.

In panels (g) and (h), the streamlines at the equilibrium stage on the centerline
slices are shown. For the solid case, the inflection point is disrupted by a deposition
peak compared to the initial stage. For the porous case, the bleeding flow through the
structure from mid-depth to the top is reduced compared to the initial stage. The flow
primarily passes through the bottom of the structure where erosion occurs, and the
density of streamlines is higher in the lower depths.

For the porous structure on the edge slice, during both the initial and equilibrium
stages, as shown in panels (b) and (f), when the flow encounters the front face of the
structure, part of the flow moves downward while another part enters the ELJ. Inside the
structure, as the downflow reaches the bed, it then moves upward. Some of this upward
flow recirculates upstream, while the rest flows downstream and exits the ELJ. This
behavior is distinct from that observed in the solid structure case. In the solid structure
case, the absence of bleeding flow causes the entire downflow to recirculate upstream of
the solid pier, generating vortices that result in a larger scour depth upstream.

Out-of-plane vorticity distributions on the two vertical planes are plotted in Figure 3.8.
These vorticities provide another metric to compare and contrast the hydrodynamics
around solid and porous structures at different scour stages.

At the initial stage and along the vertical symmetry plane (y/D = 0), the vorticity
values are small, even in the upstream regions close to the structures. Negative vorticities,
indicating downward and upstream flow in front of the structures, show that initially,
it is only noticeable on the edge slice, as seen in panels (c¢) and (g). However, at the
equilibrium stage, as shown in panel (e), vorticity is also visible on the centerline slice.
This indicates that initially, the vortices forms at the edge of the structure. As time
progresses, it develops along the centerline, suggesting that the scouring process starts at
the edges and gradually extends toward the center of both solid and porous structures.

Directly downstream of the solid structure at the initial stage (Figure 3.8-a and c),
large wake vortices can be observed. The strength of these vortices increases at the
equilibrium stage as sediment deposition downstream of the structure confines the flow
(Figure 3.8-e and g). This is in contrast with earlier stages when flow is less confined in
the wake .

For the case of the porous structure, one the vertical symmetry plane, the vortices
are localized around the lateral logs, dissipating inside the structure and re-emerging
near the downstream lateral logs. Also, the vortices shed by the lateral logs are larger

and stronger (Figure 3.8-b and f) around the upstream logs of the structure. In contrast,
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for the edge slices, the vorticities are larger around the downstream lateral logs and the
vortices are almost negligible around lateral logs that are perpendicular to the flow at the
upstream of the structure. This is due to the shape complexity of the structure where
lateral and longitudinal logs intersect. On the edge slice, there are vorticities close to
the erodible bed that causes the initiation of sediment transport in this region. The
size of these vortices, which are larger than the scale of individual logs, increases at the
equilibrium stage, and more vorticity can be seen closer to the bed. In contrast, for the
solid structure, there is a larger gap between the coordinates of the vortex formation and
the equilibrium bed.

The comparison between the solid and porous structures in Figure 3.8 clearly demon-
strates the influence of eddies shed inside the porous ELJ and the internal flow features
on the formation of shear layer vortices. Analyzing the vorticity contours reveals that the
vortices and flow dynamics within the ELJ substantially reduce the size of wake vortices,
which are prominent in the case of the solid structure. Consequently, the bleeding
flow within the porous ELJ impacts both the upstream downflow and the downstream
wake-shedding vortices.

By comparing the initial and equilibrium stages of the streamlines and vortices, we
highlight the limitations of previous studies that only modeled or conducted experiments
without considering erodible beds, and only simulated flow on flat beds to draw conclusions
on erosion and sediment transport. These studies are useful for understanding the
initiation of sediment motion, the shape and size of vortices, and the flow patterns in the
early stages. However, they do not accurately represent the long-term response of river
or stream flow, especially as the sediment bed evolves. Thus, they are not informative

for predicting long-term erosion and sediment transport dynamics.

3.5.4 Flow Partitioning Analysis

For porous hydraulic structures such as ELJs studied in this work, the main hydrodynamic
feature is the bleeding flow through the structure. It is of great interest to quantify the
partitioning of flow through and around these structures. Such partitioning is difficult to
be computed with the sparse measurement data in flume experiments. However, it is
relatively easy to do with computer models. The total flow discharge is made of three
partitions, i.e., the flows in the zones of y/D within the ranges of (-2.5, -0.5), (-0.5,
0.5), and (0.5, 2.5). These zones correspond to the left, middle, and right section of the
channel. The middle section has the same width of the structures. The flow partition is

also calculated at different streamwise locations, i.e., /D = -0.5, 0, 0.5, and 1. The flow
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partitioning results shown in Figure 3.9 are at the scour equilibrium stage.

At x/D = -0.5, which is upstream with a distance of half structure size, the flow
partitioning is similar for both solid and porous cases, and about 20% of the flow goes
through the middle section. At /D = 0 and 0.5, which are at streamwise locations
inside the structures, approximately 10% of the flow goes through the porous structure.
The corresponding flow partition at these locations for the solid case is obviously zero.
For the ELJ studied in this work, the volumetic porosity is 0.85 and the surface porosity
is 0.35. For an ELJ with different porous characteristics, the percentage of bleed flow will
be different. Future research should investigate the functional relationship between flow
partition and porosity. For the porous structure in this work, only 10% flow goes through.

However, it cause significantly different hydrodynamics and morphological response.

3.6 Conclusions

This study successfully used a three-dimensional computational model to simulate the
complex interactions of flow and sediment transport around porous and solid hydraulic
structures. The results highlight the significant differences in flow dynamics and scour
patterns between porous structures, such as Engineered Log Jams (ELJs), and traditional
solid structures. The porous nature of ELJs allows for bleeding flow through the structure,
leading to reduced flow blockage, modified coherent structure, smaller and more localized
vortices, and weakened turbulent wake, which in turn influence sediment transport and
the formation of bathymetric features. The model’s ability to accurately capture these
processes was validated against experimental data, showing good agreement in predicting
velocity profiles and scour depth evolution.

The key findings of this research highlight the importance of considering the unique
flow features introduced by porous structures in hydraulic engineering designs. The
study also emphasizes the limitations of previous research that focused solely on solid
structures or used simplified two-dimensional models, which do not fully capture the three-
dimensional nature of flow and sediment transport processes. The insights gained from
this study can inform the design and implementation of nature-based solutions for river
restoration, ensuring the stability and longevity of in-stream structures. Future research
should explore the functional relationships between flow partitioning and porosity, as well

as the long-term morphological impacts of these structures in varying flow conditions.

65



Solid Porous

y/D =0
at initial
stage

oD/U ®D/U

y/D =
0.5 at
initial
stage

y= 0 at
Equilib-
rium

y/D =
0.5 at
Equilib-
rium

Figure 3.8. Out-of-plane vorticity distributions on vertical planes.
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Solid Porous Scheme diagram
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Figure 3.9. Discharge fraction through different regions of the lateral profile, (a) solid case,

(b) porous case, and (c) Schematic diagram of the coordinates used for the discharge fraction
calculation.
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Chapter 4

Computational Model of Flow and
Scour around Porous and Solid
Hydraulic Structures: Part 2 -
Sediment Transport

4.1 Introduction

Turbulent flow and scour around in-stream structures are crucial to the stability and
longevity of these structures. In the previous part, the focus is on the flow and turbulence
around and through the structures. In this part, the focus is on sediment transport and
scour.

Using the high-fidelity 3D computational model ibScourFoam, two cases were simulated
where a solid structure or a porous structure was placed in the middle of an open channel.
The porous structure was an engineering log jam (ELJ) made of small wooden dowels.
The key capability of the 3D model is the use of the immersed boundary (IB) method
which can capture the evolution of the sediment bed and its interaction with the complex
structures [Song et al., 2022c]. For the first time, critical information such as wall shear
stress distribution, scour depth, shape, and erosion volume are available for in-depth
analysis.

As shown in the previous part, the flow field around porous structures is very unique
and different from those around solid structures. The bleeding flow, the flow through
the porous structure, changes the coherent structures, wake zones and flow acceleration

areas around ELJs. The percentage of the bleeding flow is only about 10% in the total
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discharge. However, it create significant impact on both flow and sediment transport.
Flow feature identification revealed the underlying mechanisms of sediment transport
and the bathymetric features at different stages of scour evolution.

The second part of this study focuses on sediment movement drivers and dynamics,
specifically the wall shear stress, scour patterns, and scour depth evolution around these
structures. The local scour research community has long recognized that wall shear stress
decreases as the scour hole develops. At equilibrium, the scour hole ceases its growth
because the wall shear decrease below its critical value for sediment movement. This is
the key concept of shear decay function [Melville, 1975], based on which a semi-theoretical
model for scour depth evolution was proposed and evaluated in this work.

When an structure such as pier or pile is placed in a stream with an erodible bed,
the flow accelerates around the structure, reaching maximum velocity at some location
on the side of the structure. Behind the structure, wake vortices form, and the shedding
frequency of the wake vortices is influenced by the Reynolds number. Due to the pressure
gradient, stagnation downflow occurs upstream of the structure. As this downflow reaches
the bed, it curls up and moves around the structure, forming a horseshoe vortex at the
base and a surface roller at the free surface. Due to the hydrodynamic forcing on the bed,
scour initiation occurs when the shear stress exceeds the critical shear stress, leading
to scour on the sides of the structure [Gosselin, 1997, Richardson and Lagasse, 1999,
Melville, 1975, Shen et al., 1965, Chiew, 1984]. Scour continues in areas where the shear
stress exceeds the critical shear stress.

The temporal prediction of scour depth is crucial for analyzing the stability of river
restoration structures and ensuring they remain sustainable and effective in achieving
their restoration goals. Most previous studies on single or complex piers have focused
on evaluating the maximum scour depth. Since the primary mechanism inducing scour
may change at different stages of scour process, mathematical models for predicting
the temporal evolution of scour depth is rare even for simple structures [Gosselin, 1997,
Richardson and Lagasse, 1999]. It is also difficult to produce such predictive models due
to the lack of detailed information such as wall shear stress. One such example is the
purely empirical formula proposed in Mousavi Darzikolaei et al. [2024]. With a simple
scaling analysis and using flume data, they showed that the scour depth asymptotically
reaches equilibrium following a saturation-growth curve. The prediction satisfactorily
matches with the experimental data from four idealized porous ELJs when they are
placed on the side or the center of a flume. However, the generaliability of their empirical

formula still needs proof.
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One objective of this work is to use both physics and data to propose a semi-theoretical
model for the time history of scour depth prediction that works for both solid and porous
cases. Such simple model should be more generalizable because of the physical foundation.
Once proved to be superior than pure empirical formulas, it can be used as a preliminary
design tool for a wide range of field conditions.

Previous studies on the temporal evolution of scour have related the geometry of scour
formation and sediment transport rate for bridge piers. The idea behind the analysis in
this work to develop the semi-empirical model is also to use the knowledge of scour hole
geometry and simplify it as a basic shape, such as a cone. This assumption has been
previously used in studies such as Yanmaz and Altinbilek [1991] and Carstens [1966]. As
more sediment is removed from the scour hole, its dimensions extend vertically, laterally,
and longitudinally, eventually forming an inverted cone with an axis that coincides
with the axis of the cylinder [Gosselin, 1997]. Reviews of other models can be found
in Gosselin [1997] and Richardson and Lagasse [1999]. However, none of the previous
models considered the porosity of in-stream structures and most of them focused on
simple bridge piers.

For example Carstens [1966] developed a methodology that predicts the scour depth
as a function of time based on the experimental data in Chabert [1956]. In their model,
they defined sediment transport, (), out of hole as a function of sediment number N,
scour depth, and sediment grain geometry. Since the volume of the scour hole is already
known based on its conical shape, it can be expressed as a function of scour depth.
This analogy is adopted in the current work with some modifications. Carstens [1966]
used the sediment number N, to estimate the scour depth evolution. The limitation is
that in their analysis, the sediment number, which has a similar form as shear stress
(Ns = =t
the hydrodynamic driving force for sediment motion changes over time as the bed shear

, is considered fixed in time. However, based on the mechanism of scour,

decreases with increasing scour depth. In our research, to better capture shear decay, we
use the well-known Shields parameter and allows it to change with time.

Shear stress inside scour hole has often been used as the metric for evaluating the
amount of sediment moving out of scour hole [Johnson and McCuen, 1991]. However,
accurately measuring or calculating shear stress is difficult in an evolving sediment bed
compared to the well-established shear stress over a flat bed [Gosselin, 1997]. This is
the reason that many previous researches used other flow variables, such as turbulent
kinetic energy inside the scour hole [Gosselin, 1997]. Studies from Federal Highway

Administration (FHWA) also found that hydraulic erosion capacity decreases as scour
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depth increases, allowing for the estimation of erosion capacity based on scour depth
[Annandale et al., 2001, Smith and Annandale, 1997]. FHWA uses a method for predicting
scour based on hydraulic loads and the erosion resistance of soils. They modeled the
shear decay using an exponential formula as 7/7, = aexp (—bV;/B) [Shan et al., 2023].
In order for their model to match with data, they used a safety factor. In the current
work, a rational function, instead of an exponential function, is used to better capture
the shear stress decay.

Some other studies on the temporal prediction of scour used a different approach for
calculating sediment transport, employing pickup functions such as those in LeFeuvre
et al. [1970] and Van Rijn [1984]. For instance, Yanmaz and Altinbilek [1991] also
assumed the shape of the scour hole to be an inverted right cone. However, for the
sediment transport function, they used the pickup function published in LeFeuvre et al.
[1970], which defines the rate of bed material removal per unit area per unit time. Their
model, however, seemed only applicable within the range of their experimental data.

The rest of this paper is organized as follows. The computational model, simulation
case setup, and flow field analysis will not be included because they have been presented
in the previous part. Overall, two cases were simulated: one for a solid structure and the
other for the porous ELJ structure (Figure 4.1). This part will present the simulated
erodible bed and bathymetry, bed profiles, wall shear stress distribution and statistics,
and the temporal analysis and modeling for scour development. This paper is then

concluded with a summary.

4.2 Results for Sediment Transport

4.2.1 Erodible Bed and Bathymetry

The ibScourFoam model produced detailed bed evolution process and the bathymetry at
every simulation time step. The resulted dataset, especially for the sediment transport
quantities, are very valuable for detailed analysis, which is difficult, if not impossible, to
do in flume experiments. The bathymetry contours for solid and porous structures cases
at three representative stages of evolution are shown in Figure 4.2. Stage 1, 2, and 3
corresponds to early, middle, and equilibrium stage, respectively. Animations of the scour
process can be found in the Supplementary Information. The equilibrium bathymetry
from flume experiments are shown in panels (g) and (h).

The simulated evolution of the scour clearly shows the following stages with distinct
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(b) (©)

Figure 4.1. Computational domain

sediment transport features: Initially, scour occurs at the edges of both the solid and the
porous structures due to flow contraction and the formation of shear layers at the corners
of the structures. The depth, width, and length of the scour are larger for the solid
pier compared to the porous pier at this initial stage. As the erosion process continues,
the scour deepens and elongates downstream, resulting in a larger horseshoe vortex as
water flows into the scour hole. In addition to the scour holes, two deposition bars start
to form downstream of the scour holes on the sides of the structures. The scour holes
extend both downstream along the sides of the structure and upstream towards the
centerline of the structure until the two scour holes on both sides merge and form one
big hole. Once the two scour holes merge, the horseshoe vortices are enlarged due to
the more available space. After the merged scour hole exposes the total length of the
sides of the structures, the scour hole moves towards the centerline of the structures
in the downstream. Eventually, horse-shoe shaped scour holes are formed around both
structures.

For the porous structure case, the bleeding flow through the structure reduces the
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deposition bars merge in the solid case but not in the porous case.

Figure 4.2. Bathymetry contours at different stage of scour and comparison with experiments

reattachment of flow in the downstream wake, causing the horseshoe shape of the scour
hole to be less defined compared to the solid structure case. Subsequently, sediment
is moved further downstream of the porous structure. The wake vortices and shear

layer have larger intensity for the solid case than the porous one. As a result, the two

At the equilibrium stage, Figure 4.2 shows that the simulations captured the maximum

73

scour depth for both solid and porous structure cases. The shape and extent of the scour

holes are in good agreement between simulations and experiments. Along the streamwise




centerline, the formation of the scour extension is not as pronounced in the simulation
compared to the experiment. The extensive erosion around the solid obstruction is driven
by more significant blockage effect, intense turbulence and strong vortices. In contrast,
the porous structure has a lower impact on the bathymetry.

For the solid case, the maximum deposition bar is around xz/D = 7 in both the
experiment and the simulation. In the porous case, the two deposition bars observed in
the experiment are also captured in the simulation. For the porous case, the deposition
bar extends further in the streamwise direction than in the experiments. This is likely
because the mesh is coarser in this region, and the details of the recirculation of the
flow downstream of the deposition bar, which prevent the deposition bar from being
washed away, are not captured. The height of the deposition bars for the solid structure
is larger in the simulation than in the experiment, and the sediments are more pushed
towards the centerline in the simulation. This discrepancy arises because the RANS
model cannot capture all the details of the very complex flow field downstream of the
structure. For example in experiments, sediment movement in the wake region was
observed to move only occasionally and sporadically during the later stage. These seemly
random movement of sediment particles is mostly driven by turbulent eddies, which can
not be captured by RANS models.

4.2.2 Bathymetric Profiles

The bathymetric evolution is further analyzed with longitudinal profiles on different
vertical planes. These vertical planes are are the symmetry plane (y/D = 0), the plane
along the side edge of structure (y/D = 0.5), and the plane at y/D = 1 which is half
structure size away from the edge. In addition, the laterally averaged bed elevation
profiles along the width of the flume are also computed (termed width-averaged profiles).
All these profiles from simulations and experiments are plotted in Figure 4.3.

For the solid case on the symmetry slice, the maximum scour depth at the initial
stage occurs at /D = 0, which is at the upstream base of the structure. Changes
in both scour and deposition are negligible at Stage 1 ( ¢t ~ 500 s) on the symmetry
slice (Figure 4.3-a). However, erosion on the edge slice (y/D = 0.5) is more noticeable
(Figure 4.3-c). This is because the scour starts around the upstream corners. As time
progresses, the maximum scour on the symmetry slice and the edge slice remains near
the upstream front face of the solid pier. For the y/D = 1.0 slice which is half a structure
size away from the structure, the maximum scour depth starts at /D ~ 1 (Figure 4.3-e),

which is the location close to the downstream face of the structure. Interestingly, as time
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Figure 4.3. Longitudinal bathymetry profiles on different vertical planes.
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progresses, the max scour depth on this profile move upstream.

At the equilibrium stage, on the edge slice (y/D = 0.5), the depth of scour in the
simulation closely matches with the experiment on the upstream side (Stage 3). However,
the scour hole downstream is overestimated for the solid case. On the y/D = 1 slice, the
simulation also matches the maximum scour depth observed in the experiments.

For all three profiles on the three slices, the deposition bar behind the solid structure
moves downstream over time. The deposition peak location /D is within the range of 5
to 7 for y/D = 0, 6 for y/D = 0.5, and 8 for y/D = 1.

For the porous case on the symmetry slice, the maximum scour depth occurs at z/D
= 0 at all stages. The evolution of scour within the ELJ is also visible. Two local minima
can be seen on this slice: one at /D = 0 and another closer to the downstream face of
the ELJ at /D = 1. The existence of two local minima is unique for the porous case.

On the edge slice (y/D = 0.5), the maximum scour depth is at the front face, similar
to the solid case. From Stage 2 to equilibrium, the deposition bar moves downstream.
On the y/D = 1 slice, the maximum scour depth location migrates from the front face
to the downstream face of the porous structure. At equilibrium, on the symmetry slice,
both the deposition bar height and scour depth are underestimated in the simulation
compared to the experiment. Given that two deposition bars were observed from the
bathymetry contours in Figure 4.2, this suggests that the locations of the deposition bars
are not well simulated in the lateral direction. Nonetheless, the simulation accurately
captures the maximum scour depth and scour hole shape on the edge slice (y/D = 0.5),
and the deposition bar matches better with the experiment. In addition, the maximum
scour depth and its location are well captured in the simulation for the porous case on
the y/D = 1 slice.

The scour depth is underestimated on the symmetry slice for both solid and porous
cases, and the deposition bar is not accurately captured due to complex flow features
in the wake region. Comparing the solid and porous cases, the scour hole has steeper
face in the solid structure and is more rounded in the porous structure. The roundness
is due to the less abruptness of the flow blockage effect due to the porous structure.
Additionally, the scour hole face appears more steeply inclined in the experiment than in
the simulation. Future research needs to investigate whether this is due to the sand slide
model and its diffusion parameter used in this work.

The width-averaged longitudinal profiles are also compared in Figure 4.2. The
result shows that the profile for the porous case closely matches with the experiment at

equilibrium. For the solid structure, the profile aligns well with the experiment upstream
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but overestimates the average scour depth downstream. Nonetheless, the width-averaged
profiles are in good agreement with experiments and can be used for further analysis,
making them suitable for sediment transport analysis to predict scour depth compared
with maximum values or on specific slices. Comparing different stages, the maximum
averaged scour depth increases, and the average scour hole grows downstream. Initially,
deposition occurs around x/D = 5, forming a higher deposition bar for the solid structure
that moves downstream over time. For the porous structure, the average deposition peak
is not pushed downstream as much as in the solid case. Instead, it is more uniformly
distributed, with its height increasing over time. This is due to the bleeding flow that

blows sediment particles downstream and limits the deposition in the wake.

4.2.3 Wall Shear Stress

4.2.3.1 Spatial Distributions of Wall Shear Stress

In sediment transport, wall shear stress is a proxy for the driving force for sediment
particle movement. The ibScourFoam computes wall shear stress on the sediment bed at
each time step, which can be used to the dynamics of scour evolution. To do this, the
amplification factor of wall shear stress, 7/7,, is plotted in Figure 4.4. Here, 7y is the
background wall shear. Both cases simulated in this work is in the clear-water scour
regime, which means the background wall shear 7; is not capable of moving sediment.
The existence of structures locally amplifies the wall shear and cause local scour. In
Figure 4.4, different rows correspond to different stages of scour, which are the same as
those in in Figure 4.2.

As observed in the beginning of sediment transport (Figure 4.2 a and b), the shear
stress for the solid structure is significantly higher at the upstream corner and along
the shear layer compared to the porous structure. In the porous case, the amplification
factor is more evenly distributed around the structure. At this initial stage, the higher
amplification occurs away from the side of the structure around y/D = £ 1 for the
solid case. For the porous case, the highest amplification factor is right at the edge of
the structure and not away from it. This leads to an initial scour hole and deposition
extending downstream on both sides as shown in Figure 4.2.

At Stage 2 (t = 500 s), the wall shear amplification for the solid case can be seen
in zones both adjacent to the structure and in the wake. The higher amplification zone
moves closer to the structure and extends toward the center line. This results in the

formation of a scour hole closer to the structure, exposing more of the structural surface
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Figure 4.4. Wall shear stress contours on sediment bed.

to the flow. As the amplified WSS extends toward the centerline, a horseshoe-shaped
scour hole extending to the downstream side is formed, as seen in the bathymetric
contours shown in Figure 4.2.

In contrast, at Stage 2 for the porous structure, the downstream wake area has very
low wall shear. Inside the porous structure, two high shear zones can be observed near
the corners. The high shear within the structure causes internal erosion and moves
sediment particles out of the structure, which was observed in the experiment.

At equilibrium, when the scour hole is fully formed, the wall shear within the scour is
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mostly below the critical wall shear and the scour hole development essentially stops.
At this stage, the wall shear stress becomes more uniform for both cases. In addition, a
zone of zero wall shear can be seen upstream of both structure near /D = -0.5. For
the porous case, high wall shear can be seen only in the deposition areas that results in
pushing the deposition towards the centerline in the downstream.

The solid case generates higher shear along the side edges due to greater flow con-
traction. In contrast, the porous structure allows flow to pass through it, resulting in
lower shear stress. Thus, the solid structure creates a more concentrated region of high
shear stress, which leads to a pronounced scour pattern. Conversely, the porous structure
allows for a more diffused stress distribution, which is the direct evidence that porosity
plays a crucial role in reducing localized erosion and promoting a more stable equilibrium

state.

4.2.3.2 Statistical Analysis of Wall Shear Stress

In addition to its spatial distributions, statistical analysis was also performed to further
analyze the driving force dynamics. Figure 4.5 shows the probability distribution function
(PDF) of wall shear amplification at different stages of scour. The statistics was based
only on the wall shear inside the scour hole. In the figure, “Stage 0” means the beginning
of scour simulation, which is the result of the pre-simulation for hydrodynamics only.
The statistics shown here may be only applicable to the cases simulated in this work.
Nonetheless, it provides key insights.

For the solid case at Stage 0, the distribution is bi-modal with two distinct peaks:
one near 7/7p = 1 and the second at a higher value around 2.2. This second peak is
responsible for moving sediment. As time progresses, the higher peak diminishes, and
the distribution gradually shifts towards a single peak near 7/79 = 1. This indicates that
the wall shear stress stabilizes over time and that equilibrium has been reached.

For the porous case, similar behavior is observed with the initial distribution being
bi-modal and the second peak that is responsible for erosion diminishing over time. At
the equilibrium, the distribution becomes unimodal, with the mode consistently close to
7/70 = 1 when the scour ceases.

The spread (width) and shape of the PDFs provide valuable insights into the variability
of shear stress distribution. As time progresses, the decreasing spread of a PDF indicates
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