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Abstract

Sediment material around the base of a bridge pier is moved by the flow velocity and associated
turbulence. This phenomenon is generally termed as local scour and can lead to undermining the structure
and increase its possibility of failure. Numerous factors can affect bridge pier scour and they have been
investigated for decades. Debris jams, one of these factors, could significantly contribute to bridge failure
as some field examples and experimental investigations pointed out. Woody debris accumulation on the
front of either single or multiple bridge piers can result in deeper pier scour and extra load exerted on the
pier. Several studies have already investigated the influence of woody debris on pier scour in terms of static
woody debris. In addition, HEC-18 (2012) also proposed a design code to estimate scour depth in the
presence of woody debris jam. However, in these studies, the woody debris jam was considered to be static,
whereas a woody debris jam accumulates piece by piece, growing to a debris jam with a shape most akin
to a half-cone, and then may even eventually break up and be carried in pieces downstream. Therefore, this
research investigated the evolution of the loading onto and scouring around a bridge pier in the presence of
dynamic debris jams.

In this study, the temporal evolution of the bridge pier scours was monitored during the development of
dynamic debris jams. Experimental modeling was conducted to explore the influence of dynamic debris
jam on bridge pier scour using a scale of 30 by employing both dowels and seedling trees. It was found that
the dynamic debris jam of dowels could last 10-20 minutes and reach a critical size, then fail and
subsequently reform. In addition, the first debris jam had an obvious influence on scour depth which
correlated to the blockage generated by the debris jam; however, the influence of the subsequent debris jam
depended on its size compared to the previously formed one. For the dynamic debris jam using seedling
trees, the debris jam lasted for a longer time once it formed, and it could lead to twice the maximum scour
depth compared to that generated in the absence of the debris jam, which is the same with dowels debris
jam. In addition, the hydraulic head induced by the debris jam was correlated to the blockage of the debris
jam and the flow Froude number irrespective of whether the dynamic debris jam was made of dowels or
seedling trees.

Additionally, blank control tests in the absence of a debris jam were used along with previous data
gleaned from the literature to develop and test new multigene genetic programming (MGGP) models for
the temporal evolution of scour. The MGGP model, using the non-dimensional variables from the empirical
equations, can reach a better accuracy than the empirical equations, which indicates the ability of the model
to optimize the empirical equations.

The temporal evolution of load exerted onto the bridge pier with a dynamic debris jam was also measured.
Experimental tests were performed to investigate the additional debris jam drag force exerted onto the
bridge pier using both dowels and seedling trees in the presence of a fixed flume bed. Likewise, the dynamic
debris jam of dowels lasted for about 10-20 mins, while those formed by the seedling trees, once formed,
could last over 50 mins. The investigation demonstrated that the drag coefficient of the seedling trees jam
was higher than that of the dowels jam. More importantly, a spike in the drag force was also observed
irrespective of whether the jams were formed by dowels or seedling trees.

Detailed investigation of the flow field around the debris jam and pier provided insight into the mechanics
of debris jams. Three half-cone-shaped debris jams of the same dimensions were designed and built. The
three jams were fabricated using: a) 20 cm long dowels, b) 30 cm long dowels, or ¢) a 3D-printer. For each
jam, four sections were measured using an Acoustic Doppler Velocimeter (ADV). The results indicated
that the flow fields around the 20 cm length dowel jam and the 30 cm length dowel jam were similar. In



addition, the section behind the pier and debris jam showed divided zones termed herein as the accelerated
high-velocity zone, the high shear transition zone, and the wake dead zone. As for the drag coefficient, the
20 cm length dowels jam and 30 cm length dowels jam shared a very close magnitude of 1.7, but the drag
coefficient of the 3D printer debris jam was only 0.88 which indicated the debris jam built by individual
pieces behaved differently than the block jam.
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Chapter 1.  Introduction

Wood logs or debris play an important role in river systems, and the appearance of debris also adversely
influences infrastructure. Studies related to woody debris have involved many aspects such as the process
of debris entering the river (Mazzorana et al. 2011; Mazzorana et al. 2009), debris volume estimation
(Comiti et al. 2016; Gurnell et al. 2002; Tonon et al. 2018) and the influence on river morphologies (Klaar
et al. 2011). The dynamics of wood debris involve the entrainment (Braudrick and Grant 2000), motion
(Braudrick et al. 1997), and deposition (Braudrick and Grant 2001) processes. Gravity and buoyancy forces,
drag force and friction force determine the movement of logs in the river, and the critical conditions are
studied (Bocchiola et al. 2006; Braudrick and Grant 2000; Chen et al. 2019; Crosato et al. 2013; Haga et al.
2002). The transport process of debris is another important issue that determines for how long the debris
can travel (Braudrick et al. 1997) and where it might stop (Davidson et al. 2015), and a model has also been
proposed to describe the transport of woody debris (Persi et al. 2018). Woody debris can also increase the
risk to infrastructure as Ruiz-Villanueva et al. (2014) indicated for a mountain village. In addition, the
presence of debris significantly increases the possibility of bridge failures (Bradley et al. (2005).

Floods can be considered an important trigger that leads to the failure of a bridge, especially a flood
scour as (Arneson et al. 2012) indicated that 23 bridge failures with a $15 million estimated cost occurred
in the upper Mississippi basin in 1993. However, the report of (Diehl 1997) was also indicated that the
debris accumulation around the pier of the bridge contributed to over one-third of bridge failures in the
United States and regarded as one of the leading causes that link to bridge failures(Lyn et al. 2007). The
risk of bridge failure could be significantly increased due to the accumulation of debris around the pier,
Examples of accumulated wood debris around bridge piers are shown in Figure 1-1.

Figure 1-1(a) SRT view of the downstream railway bridge (Lyn et al. 2007) (b) large wood
accumulations during the 2005 flood in Switzerland (Schalko 2018)

Woody drifts and debris captured by bridge piers advected from the upstream result in the formation of
woody debris jams. The presence of woody debris jams leads to the reduction of cross-sectional area and
strengthens downward flow close to the pier, which enhances the scour process at the base of bridge piers
and causes greater scour depth (Pagliara and Carnacina 2013). In addition, woody debris jams can also
result in an extra load on the bridge pier; thus, the presence of woody debris jams affects the stability of
bridges and threaten their safety. Some failure examples are mentioned in Pagliara and Carnacina (2011a)
and (Bradley et al. 2005)



The presence of debris could lead to an irregular flow pattern around the pier, which could exacerbate
scour in front of the pier, thus there is increasing research to understand the influence of debris jams on
bridge pier loading and scour.

1.1 Objectives

Woody debris jams on bridge piers have been drawing more research focus because they threaten the
stability and safety of bridges, which complicates protecting bridges from potential failures. A
comprehensive experimental and numerical investigation into woody debris jams on bridge piers was
performed, which considered the dynamics of woody debris jam evolution during flood events. The specific
objectives are as follows.

1. The influence of the evolution of woody debris jam on single bridge pier scour. Physical
modeling was conducted to investigate scour depth while releasing woody debris to form a woody
debris jam. The evolution of scour depth with and without the presence of woody debris was
compared. In addition, two types of woody debris pieces (dowels and seedling trees) were applied
to distinguish the difference between idealized and realistic model debris.

2. The evolution of woody debris jam load on a single bridge pier. Physical modeling was
applied to investigate the time history of the force load on the pier during the evolution of the
woody debris jam. In addition, seedling trees were used to simulate real woody debris.

3. The flow field in the presence of woody debris jam around the bridge pier. Understanding
the flow field is necessary and fundamental to investigate the influence of woody debris jam and
the mechanism of the effects of woody debris jam.

4. Application of artificial intelligence (Al) tools in the hydraulic field. The powerful Al tool
is considered to have broad prospects. A Multigene genetic programming algorithm is applied to
develop a temporal evolution scour depth model and evaluated by the experiment data.

1.2 Scope

The objective of this thesis focuses on the influence of debris jam on bridge pier scour and induced load
as well as the flow field, and debris jam formed by dowels and seedling trees applied to simulate the
formation process. Physical modeling was applied to accomplish the objectives. However, this thesis also
has several limitations due to the resources and lab time.

e All experiment tests for scour depth lasted for one hour, and this did not reach the
equilibrium scour stage which was typically over 5 hours. As the dynamic debris jam was applied,
the debris pieces were manually released one by one which made it difficult to last for a long time
as well as the battery limitation of the GoPro camera.

e The formation of debris jams continuously occurred as the distance of releasing position to
the pier was not very long. However, the wood debris was transported by the river flow and might
move for a very long distance in the field, and the debris piece might take a longer time and be not
continuous.

e The debris jam built by dowels for flow field measurement was not that similar to a real
debris jam. A wood frame was built and put the dowels inside, and steel wires and nails were used
to fix the dowels to improve the stability of the structure. However, the porosity of the resulting
debris jam was nonuniform.

. Numerical modeling was not applied in this thesis, but TELEMAC 3D and Open Foam
were both tried to simulate the influence of woody debris jam. However, TELEMAC 3D did not



reliably reproduce the horseshoe vortex during scour prediction, and Open Foam had no reliable
solver for sediment transport.
There were various scenarios in the field, and it might be hard to incorporate every detail in the lab
experiments, so this thesis mainly focused on the influence of a continuously increasing dynamic debris
jam within the limitation of lab instruments.

1.3 Contributions and Novelty of the Study

This thesis was pioneered to work on the dynamic debris jam on scour and load, and the contributions
and the novelty of this thesis lie in 1) introducing the time scale for the development of debris jam, 2) firstly
using MGGP to develop the model of temporal evolution scour depth, 3) firstly applying the seedling trees
to represent debris, and 4) measurement of the flow field around a half-cone debris jam.

Multigene genetic programming is first applied to develop a new model for temporal evolution scour
depth at a single bridge pier. The application of the algorithm in the hydraulic field is valid to be helpful
and convenient to optimize the exiting models.

Dynamic debris jams were created by releasing debris upstream, which could be considered as
introducing a time scale to the development of debris jams. In contrast, in previous studies, a whole block
was imposed instantaneously, and its dimensions were independent of the flow condition. Even though
some previous studies moved forward to using debris pieces to build a debris jam, the debris jam was still
pre-set. This type of debris jam is defined herein as the static debris jam, and it is deemed to be less
representative of real debris jams than dynamic debris jams.

Seedling trees were first applied to represent the debris in several of the present lab experiments. Dowels
were previously used as the debris pieces, but some studies (Lyn et al. 2003; Panici and Almeida 2020)
pointed out that it might not be that reasonable as debris jams formed by natural debris have a less regular
shape, which influences local flow conditions. As such, seedling trees were directly used herein to represent
natural debris, and it was found that debris jams formed from seedlings presented different characteristics
compared to the dowels.

Half-cone debris jams were built for the flow field measurement. A half-cone frame was made from
dowels and dowels were put inside the frame; this provided an approach to building a woody debris jam.
The flow field around the dowel debris jam can provide insight view of the mechanism of how the debris
jam affects the bridge pier. A 3D printer-built debris jam with the same size as the frame is used to represent
static debris jams in recent studies, and this helps to figure out the difference between a realistic debris jam
and an ideal debris jam.

1.4 Publications

1.4.1 Journal Articles

1)  Zhang, W., Nistor, I., Rennie, C. D., and Almansour, H. (2022). "Influence of Dynamic
Woody Debris Jam on Single Bridge Pier Scour and Induced Hydraulic Head." Journal of Marine
Science and Engineering, 10(10), 1421. (https://www.mdpi.com/2077-1312/10/10/1421) (Thesis:
Chapter 4)

2) Zhang, W., Rennie, C. D., Nistor, I. (2022). “A new model developed by MGGP for the
temporal evolution of bridge pier scour” Journal of Canadian Civil Engineering. [Accepted] (Thesis:
Chapter 3)

3) Zhang, W., Nistor, I., Rennie, C. D. (2022). “Temporal evolution of the hydrodynamic
loading due to dynamic debris jam on bridge pier” Journal of Fluids and Structures. [In review]
(Thesis: Chapter 5)



https://www.mdpi.com/2077-1312/10/10/1421

4)  Zhang, W., Nistor, I., Rennie, C. D. (2022). “Influence of debris jam formed by trees on
bridge pier scour” Journal of Hydraulic Engineering [In review] (Thesis: Chapter 6)

5) Zhang, W., Rennie, C. D., Nistor, 1. (2022). “Experimental investigation of the
hydrodynamic field around a debris jam on a bridge pier”” Journal of Hydraulic Research [In review]
(Thesis: Chapter 7)

1.4.2 Conference Proceedings
1) Zhang, W., Nistor, L., Rennie, C. D., and Almansour, H. (2022) “Pier debris jam dynamics
and associated scour” 39th IAHR World Congress, Granada City, Spain

1.5 Outline of the Thesis

In order to complete the objectives outlined in section 1.2, several physical experiments were conducted
to examine the time histories of bridge pier scour and pier loading in the presence of dynamic debris jams.
Additional experiments were performed to elucidate the flow field in the presence of a debris jam. This
thesis was organized into the following chapters:

e Chapter 2 provides a comprehensive literature review related to the topic of woody debris
in terms of scour depth, loading, and flow field as well as numerical simulation. The comprehensive
literature review summarizes current studies on woody debris jam and states the problem and
research needs for the woody debris jam.

. Chapter 3 develops a new model by introducing multigene genetic programming (MGGP)
to predict the temporal evolution of bridge pier scour depth. This MGGP model is trained by the
data collected from previous studies and new lab experiments conducted at uOttawa. A new
function is derived for the prediction which demonstrates the application of the algorithm.

. Chapter 4 investigates the influence of dynamic debris jam formed by dowels on bridge
pier scour depth, based on physical modeling conducted at uOttawa. This study indicates that
dynamic debris jams formed by dowels might involve several peaks including the formation,
growth, failure, and rebirth of individual debris jams. In addition, it is also pointed out the first
debris jam peak has a significant influence on the development of scour depth in clearwater scour
conditions.

. Chapter 5 works on monitoring the temporal evolution of loads caused by the dynamic
debris jams comprised of either dowels or seedling trees. The dynamic debris jams formed by
seedling trees and dowels have different characteristics: dowel jams lasted for a shorter time while
the seedling tree jams seldom failed once formed. A spike phenomenon was also observed and the
load caused by debris jam might increase drastically in a short time.

. Chapter 6 examines the influence of dynamic seedling tree jams on scour depth and
compares these results to scour induced by dynamic dowel jams. A laser scanner was also applied
to obtain the bed elevation, and it indicated that the scour depth could increase 2 times in the
presence of dynamic debris jam while the volume of scour hole might increase 8 times.

e Chapter 7 provides the measurements of the flow field around half-cone debris jams.
Woody debris jam was framed by woody dowels of a certain size and put dowels inside the frame,
and 3D printed debris jam was built in the same size Flow field around the three debris jams as
well Reynold shear stress, integral time scale, turbulence kinematic energy, and vortices were
obtained by the Acoustic Doppler Velocimeter (ADV) measurement.

. Chapter 8 further reviews the design codes for the woody debris jam based on the present
experimental data.

. Chapter 9 summarizes the thesis on the topic of the woody debris jam and its influence on
scour depth, loads, and flow field respectively.



Chapter 2.  Literature Review

2.1 Woody debris

Before 1975, few studies focused on woody debris or drift in rivers, but since then more and more
research has evaluated its influences on river systems in terms of hydraulics of flow, transfer of sediment
and organic material, and geomorphological effects (Gurnell et al. 2002). Woody debris enters the river
system and is advected by the river flow. It has been observed that woody debris can accumulate in front
of both single or multiple bridge piers, and this could increase the load on the bridge and lead to higher
scour depth (Lyn et al. 2003). The presence of woody debris jams in river systems threatens the stability
and safety of bridges.

According to the field investigation of (Bradley et al. 2005), the classification of debris is as follows: (1)
very small buoyant debris or no debris, the debris can be ignored; (2) small floating debris: that might
include small limbs or, orchard pruning, tulles, leaves, and refuse, which come from trees and other
vegetation that are introduced into a stream due to bank erosion, are easily transported by the stream and
overland flow; (3) medium floating debris, it mainly contains trees limbs or large sticks which can
accumulate at both culvert or bridge structures; (4) large floating debris, which consists logs or trees or
drifts. Once these debris pieces are introduced into a stream during flood events, a jam might form due to
a collection of debris. The size of the jam highly depends on the type of vegetation within the watershed
and the channel characteristics transporting the material. Debris jamming is a significant problem at bridge
structures due to its size, shape, and facility for entrapment on bridge piers, and it might include fine detritus,
coarse detritus, boulders, flowing debris, and ice debris. Thus, several types of debris jams are formed like
underflow jams, dam jams, deflector jams, and parallel jams defined and modified in Wallerstein and
Thorne (1997) as shown in Figure 2-1.
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Figure 2-1 Debris Jam Classification Model (Wallerstein and Thorne 1997)

The evaluation method of debris accumulation should consider the potential for debris delivery to the
site, the debris accumulation potential on an individual bridge element (as shown in Table 2-1), and
hypothetical accumulations for the entire bridge.



Table 2-1 Determining potential debris accumulation on a single pier (Bradley et al. 2005)

Accumul.'_ation Pier type Location Category Pot_e ntial .for
Potential Debris Delivery
- Sheltered -
Low Solid Pier Bank/Floodplain
Solid Pier In the Channel Low
Piers w/ Openings Bank/Floodplain Low
Solid Pier In the Channel High
- Solid Pier In the Path Low
Medium Piers w/ Openings Bank/Floodplain High
Piers w/ Openings In the Channel Low
Solid Pier In the Path High
High Piers w/ Openings In the Path Low
Piers w/ Openings In the Channel High
High, Chronic Piers w/ Openings In the Path High

In laboratory tests, two types of woody debris jam were used to simulate the woody debris jam. Firstly,
a static woody debris jam means that the woody debris jam is simulated by a solid block with constant
dimensions which are independent of the flow condition. This has been applied in the studies (Claps 2018;
Ebrahimi et al. 2018; Lagasse et al. 2010; Pagliara and Carnacina 2011; Pagliara 2010) as shown in Figure
2-2. However, this type of woody debris jam does not realistically represent the formation and growth
process of the debris jam, the ultimate size and shape of the debris jam, and the influence on the local flow

field.
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Figure 2-2 Static block debris (a)(Pagliara 2010) (b) (Pagliara and Carnacina 2011) (c) (Claps 2018)(d)
(Ebrahimi et al. 2018) (e) (Lagasse et al. 2010) (f) (Pagliara and Carnacina 2013)

Dynamic (space- and time-evolving) woody debris jams have been recently used to simulate woody
debris, and this type of woody debris jam was formed by releasing individual debris pieces. The woody
debris flowed with water and accumulated in front of the bridge pier. Panici and de Almeida (2018)



investigated the maximum dimensions of woody debris jam in front of a bridge pier in terms of the
characteristics of debris pieces and flow conditions. Schalko et al. (2019) released wood dowels to represent
debris pieces to investigate the accumulation probability of congested or semi-congested jams. In addition,
realistic debris was also applied to investigate the backwater rise due to woody debris jam (Schalko et al.
2018). Additionally, structure from motion (SFM) has been applied to directly capture the volume and
porosity of a woody debris jam, and this technology was able to generate a high-quality point cloud and
mesh model of a woody debris jam by the screened Poisson Surface Reconstruction (PSR) technique
(Spreitzer et al. 2020) (Figure 2-3).

(©) (d)

Figure 2-3 Dynamic debris (a) (Panici and de Almeida 2018), (b) (Schalko et al. 2019), (c) (Schalko et
al. 2018), (d) (Spreitzer et al. 2020)

2.2 Woody debris and scouring

2.2.1 Scour process

Flow pattern dominates the process of scour, and the system of vortices especially horseshoe vortices
have been long recognized as the basic mechanism of scour. Given the significance of flow patterns on
scour, many researchers have investigated the eddy structure or vortices system. The pressure field induced
by flow around the pier is considered to initiate a three-dimensional separation flow to form the horseshoe-
vortex system, and the vortex filaments including the horseshoe vortex extend downstream with increased
rotational velocities in the vortex core (Breusers et al. 1977). In addition, Breusers et al. (1977) cited the
content of Melville and Raudkivi (1977) to explain the process that there is a strong vertically downward
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flow developed in front of the cylinder as the scour hole enlarged. In these studies, downward flow and
horseshoe vortex were considered to contribute to the development of scour, but the detailed mechanism
for downward flow was not clear.

Dargahi (1989) investigated the dynamics of the vortex system around the cylinder, the mutual
interaction of the horseshoe and wake vortices, and the characteristics of flow separation. The vortex system
was described in detail for the first time at Reynold number 39,000, and the downward flow at the stagnation
face led to the generation of the vortex system according to the kinematic laws of vortex behavior. More
importantly, the pressure distribution along the stagnation line was measured and pointed to the existence
of a pressure gradient which is caused by the non-uniform velocity distribution of approaching flow. In
addition, the pressure gradient resulted in the formation of the first vortex. Ahmed and Rajaratnam (1998)
also conducted a detailed experiment to understand the flow around bridge piers by examining the frontal
downflow while considering the effects of bed roughness and the presence of scour holes. Pressure
distribution upstream in front of the pier was measured; pressure was greater at higher levels and diminished
gradually at lower levels, and there was a slight pressure increase near the bottom of the scour hole due to
the downward flow hitting the bottom. In addition, the results showed that the bed roughness caused a
steeper pressure gradient and resulted in stronger downflow in front of the cylinder, and Clauser’s defect-
type scheme described the velocity distribution better than either the log-law or the defect law. More
importantly, the downflow velocity in front of the pier achieved 95% of the approach velocity inside a scour
hole, while the maximum downflow in the absence of a scour hole was just approximately 35% of the
approach velocity.

Although some uncertainties may remain regarding the detailed mechanics of vortex formation, there is
general agreement that the presence of a pier leads to downflow and generation of a horseshoe vortex.
Water flowing towards the pier is turned downward and a stagnation pressure is generated along the front
of the pier. A pressure gradient forms due to the stagnation pressure that decreases with water depth, causing
the increase of the water surface called a bore wave (Figure 2-4). Meanwhile, a horseshoe vortex system is
also generated around the base of the pier, which transports sediment particles downstream. Erosion occurs
due to the removal of sediment around the pier, and the scour hole develops corresponding to an increasing
horseshoe vortex (Graf and Istiarto 2002; Graf and Yulistiyanto 1998; Manes and Brocchini 2015; Melville
and Raudkivi 1977).

Figure 2-4 Scheme of the horseshoe-vortex system(Graf and Yulistiyanto 1998)

The horseshoe vortex system was widely accepted to illustrate the mechanism of scouring due to the
presence of a bridge pier. Dargahi (1990) further investigated the mechanism of scour and the vortices
system and showed that scour occurred through the combined actions of several vortices. This study argued
that the rate of scouring at the side of the cylinder was much faster than in front of the cylinder (Figure



2-5a). Similarly, Hager (2007) investigated the evolution of scour hole and the development of the
horseshoe vortex and clearly showed that downward flow occurred in the front of the cylinder (Figure 2-5
b). Scour developed rapidly in the initial stage, and a circulation flow was generated in the scour hole which
means the vortices system formed. In addition, the strength or size of the circulation flow increased with
time, and it finally achieved an equilibrium state, in agreement with the observations of Melville and
Raudkivi (1977).

4 8 — ] — s
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(a) evolution of scour (Dargahi 1990)  (b) evolution of scour (Hager 2007)
Figure 2-5 Sketch of the scouring process

Bed shear stress has been used to describe the commencement of scour and to forecast the development
of scour. Melville and Raudkivi (1977) studied the bed shear stress distribution upstream of the cylinder,
and the maximum value of normalized shear stress was observed in front of the cylinder where the scouring
occurred on the initial flatbed. In addition, erosion occurred below the rim of the scour hole which was
formed by the circulation of downward flow, and this caused irregular sand avalanche collapses of the scour
hole wall. The horseshoe vortex forced material up the slope and into the flow, which carried the sediment
to the wake region. (Figure 2-6) It also should be noted that the bed shear stress in the equilibrium condition
was generally smaller than that in the intermediate state, and this implied that the equilibrium condition
was achieved by the combined effect of the temporal mean shear stress, the weight component and the
turbulent agitation which everywhere added up to the local threshold condition for sediment transport.
Finally, it also indicated that there is a tendency for the bed shear stress to be larger where the turbulence
intensity is smaller and vice-versa.

020 03s o050 \

—
ZJ

Figure 2-6 Bed shear stress contours normalized with respect to local slope adjusted critical threshold
shear stresses on the initial flatbed (a) and the final equilibrium scour hole (b) surfaces(Melville and
Raudkivi 1977)
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Graf and Istiarto (2002) considered three methods to estimate the bed shear stress and measured the bed
shear stress in the upstream and downstream of the cylinder in the symmetry plane. The measurements
indicated that the bed shear stress upstream was slightly larger than that downstream (Figure 2-7), as was
also observed by (Graf and Yulistiyanto 1998). Otherwise, the critical bed shear stress was not achieved
along the scour hole, and shear stress returned to the same magnitude as the one upstream of the scour hole.
It also should be noticed that the bed shear stress decreased considerably in the scour hole compared with
its value outside the scour hole upstream.

T, =1.36[Pa]

RESEETI

S0 2700 60 2500 -0 <300 &0 100 0 10 20 30 40 50 60 70 80
x[cm]

- T, = pv,(()vlw/an) ...... Eq. (2) —_ T,,= —p(—u'T)

dcose .. Eq.(3)

be
v, =1.3%107 [m*/s*] : Reynolds stress measured

) at the bed (inclination 0)
V., © measured velocity component

parallel to the bed at a distancen  —o— 1T,,=p(0.07U) ... Eq. (4)

U : local depth-averaged velocity

Figure 2-7 Estimated bed-shear stress in the plane upstream and downstream of a cylinder (Graf and
Istiarto 2002).

Dey and Raikar (2007) investigated the temporal evolution of bed shear stress at different azimuthal
planes and showed that the bed shear stress increased radially away from the pier achieving the maximum
value in the middle portion of the scour hole, and its value then decreased and returned to the value on the
flatbed (Figure 2-8). It also should be noticed that the magnitude of bed shear stress increased from the
initial state and then reached its maximum state in the intermediate scour hole (dy = 0.5d,). Here ds was
the developing scour depth, and dg, was the scour depth at the equilibrium state. Finally, the bed shear
stress in the symmetry plane at equilibrium scour was lower than critical shear stress, which coordinated
with the previous studies, but this was not the case at other planes indicating a discrepancy between the
measurement and estimated critical shear stress.
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Figure 2-8 Distributions of bed shear stress and (in Pa) at azimuthal planes: (a) symmetry upstream (b)
45 degrees from the symmetry (c) 90 degrees from the symmetry (Dey and Raikar 2007)

In sum, strong downflow forms due to the stagnation pressure along the front of piers, which results in
the development of horseshoe vortices around the base of the pier. The vortex system around the pier
initiates a scour hole. As the scour hole enlarges, the size and circulation of the horseshoe vortex increase
rapidly, and the velocity close to the bottom of the hole diminishes. The magnitude of the downflow appears
to be directly associated with the rate of scour. The rate of increase of circulation diminishes as the scour
hole develops and reaches a constant value at the equilibrium stage. The temporal bed shear stress and
turbulence at the bed also contribute to the scour rate and tend to decrease as the scour hole enlarges until
an equilibrium is achieved. Given the assumptions and observations above, Kothyari et al. (1992a) first
proposed a method to calculate the temporal evolution of scour depth, and further improved models have
been developed by (Dey 1999; Lu et al. 2011; Mia and Nago 2003)

2.2.2 Scour without debris

Analytical approaches for the temporal evolution of scour can be classified into three groups developed
from (i) the sediment pick-up model; (ii) the horseshoe vortex model; and the (iii) the effective flow work
model. According to sediment pick-up models, scour at a bridge pier is a sediment entrainment or bedload
issue, but accompanied by a more complex flow condition. Yanmaz and Altinbilek (1991) proposed a semi-
empirical model to predict the temporal evolution of scour depth around circular or square piers based on
the sediment continuity equation, and the sediment pick-up function was introduced into the analysis of
sediment entrainment around the pier.

According to the sediment continuity equation, the rate of volume change in the scour hole equates to
the difference between the inflow and outflow of sediment at the scour hole. Clear-water scour was
investigated in Yanmaz and Altinbilek (1991)’s study, so sediment carried into scour hole was ignored.
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Dey (1999) acknowledged this perspective and further developed the model to be applied to live bed scour
as well as non-uniform sediment. On the other hand, the sediment pick-up function adopted in Dey’s
derivation was based on van Rijn (1984)’s semi-empirical function and was formulated as

*e s

E = 0.00033p, (AgD, )** DT (2-1)

where E=the rate of sediment pick-up by scour; A=s-1; g=gravitation acceleration; D,=effective
sediment size; D,,=effective sediment size for particle level; T;= dimensionless of shear stress;
s=sediment relative density.

It should be noted that the shape of the scour hole in the sediment pick-up model is assumed to be
unchanged with time, so the volume of the scour hole could be obtained by the integral method. In addition,
Yanmaz (2006) further improved the model based on Equation ((2-1)) to obtain a new function to compute
the temporal evolution of scour depth. Yilmaz et al. (2017) extended this approach to dual bridge pier scours,
and a model was proposed to calculate the time-dependent scour depth. Moreover, Yanmaz and Kose (2009)
developed a model to calculate the temporal scour depth development at the base of the abutment based on
this method.

In horseshoe vortex models for scouring, the horseshoe vortex system is considered to dominate the
process of scour development, because the vortex system significantly affects the bed shear stress.
(Kothyari et al. 1992a; Kothyari et al. 1992b) investigated the influence of uniform or non-uniform sediment
and stratification on scour depth, and a model was proposed to calculate the scour depth, which was based
on horseshoe vortex theory. The diameter of the primary vortex was assumed to be related to pier diameter
and flow depth and was expressed as

D D 0.85
—r-0.28 -2 (2-2)
h h

where D,=primary vortex diameter; h=flow depth in upstream.

Otherwise, the bed shear stress at the nose of the pier is assumed to be related to flow shear stress and
the ratio of cross-section area between the primary vortex A, and developed vortex A, the expression is
shown as

Ab 0.57
=40z, | =2 2-3
’[A] e

where 7, ;=bed shear stress; 7,,=water flow shear stress; A,= the area of the primary initial vortex; A.=
the area of developed (enlarged) vortex at any time t; t=time.

Since the bed shear stress decreases with the development of scouring, the removal of sediment around
a pier base reduces, finally reaching an equilibrium scour depth. Mia and Nago (2003) continued this idea
and further produced a model to calculate time-dependent scour depth, with the assumption that the scours
hole shape remained unchanged with time. Kothyari and Kumar (2010) experimentally investigated the
influence of sediment size on scour depth and further improved the horseshoe model though modifying the
method to determine the value of the parameter. Lu et al. (2011) focused on the temporal variation of scour
depth for a nonuniform circular pier, and the scour hole was divided into three zones. A model was further
derived from Mia and Nago’s model to compute scour depth with respect to different stages of scour
development for the nonuniform pier.
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Transport work rate was introduced by Bagnold (1966) to quantify sediment transport, and Lai et al.
(2009) continued this idea to establish the relation between I'-shaped hydrograph and equivalent scour
duration. Based on the ratio of flow work and bed shear stress, the effective flow work on scoured sediment
was assumed to be a function of flow intensity. Specifically, they used the flow intensity over the threshold
value of flow intensity for sediment entrainment. Link et al. (2017) further developed the effective flow
work model and adopted the referenced velocity to calculate the effective flow work.

Many studies have been conducted for scouring and found that temporal scour development is
significantly influenced by flow intensity, pier size, sediment material, and so on. Several researchers have
used multiple regression methods to build the relation to temporal scour depth, and the functions for
temporal scour are shown in Table 2-2.

Table 2-2  Empirical functions to predict time-dependent scour depth

Researchers Formulas No.
Franzetti et al. (1982) d Ut 3 (2-4)
— =1-exp —0.0ZS[—J
dse p
Melville and Chiew (1999) q 16 (2-5)
u t
— =exp+—0.03|—=log (—j
se U te
Oliveto and Hager (2002) % — 0.0680°°N, F* log (T,) (2-6)
R
d,={ d,-027K K, (T*°-041) T, <t/t, <0.04
d, ~1.1K K, (T —2.227 °% 41.22) 004 <t/t <1
Kothyari et al. (2007) E_S 02726505 (Fd B Fdﬂ)m l0g(t,) (2-8)
R
(2-9)

Aksoy et al. (2017) 15 015
d :O.S(U j [DLJ (logt, )™

p

where d,= the temporal scour depth at time t; t,=time for equilibrium scour depth in the study (Melville
and Chiew 1999); d,.=equilibrium scour depth in the study(Melville and Chiew 1999) ; u.=critical mean
flow velocity for sediment entrainment;u, =bed shear veloicty; Lr= a reference length, and equal to
(Dphz)l/3 for pier; t, is the dimensionless time scale and equal to {t[/ds0g(ps — pw)/pw/Lr]}; Ns=a
shape number, 1 for circular pier and 1.25 for abutment; F, is the densiometric particle Froude number
equal to{U/\/dSOg(pS — pw)/Pw}h Fqg =Densiometric particle Froude number; K, =factor for adjusting
sediment gradation; K, = the factor for adjusting flow intensity; ds..=equilibrium scour depth of uniform
sediment in the study (Chang et al. 2004); t, = [d../(0.35K,K,) — 0.31]73-33 and ps=density of sand,
pw=the water density; t, = the dimensionless time scale and equal to {tds, [/ (ps — pw)/Pwgds0/DE]}
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Ettema (1980) investigated in detail the influence of nondimensional parameters on the development of
scour depth, and a logarithmic function was proposed to describe the temporal scour depth. Shear velocity,
sediment size, and pier size were considered to quantify the development of scour depth, as well as two
empirical parameters that were determined by fitting experimental data. Franzetti et al. (1982) also
conducted several experiments to obtain deep insight into the temporal scour depth and an exponential
function for circular piers was derived to express the influence of duration on scour depth. Whitehouse
(1997) further developed a similar exponential form of the formula to describe the temporal development
of scour depth. Melville and Chiew (1999) systematically investigated the influences of several factors such
as flow intensity, approach depth, and sediment size on scour depth and the time to reach equilibrium scour
depth t, was introduced to predict the time-dependent depth. In addition, the formula Melville (1997) used
to predict the equilibrium scour depth was necessarily used to finish the calculation as well as the time to
develop equilibrium scour depth. Oliveto and Hager (2002) studied the resistance force of piers on fluid
flow and proposed an empirical function to predict the temporal evolution of scour depth based on hydraulic
analogy by introducing Froude similarity, and it also should be noted that this method was further validated
and developed by (Hager and Unger 2010; Ldpez et al. 2006; Oliveto and Hager 2005). Chang et al. (2004)
thought that there was a critical sediment size corresponding to the equilibrium scour depth under the critical
state, and a complex process was produced to calculate the equilibrium scour depth as well as the time
required to develop into an equilibrium state. Moreover, this method could also apply to unsteady flow
conditions. Lopez et al. (2014) focused on the unsteady flow condition since the discharge of floods varies
with time, and a new function was proposed to predict temporal scour depth based on the approach of
(Oliveto and Hager 2002).

2.2.3 Scour process with the presence of debris

Scour hole depth in the presence of accumulated debris could be another problem of concern. As it has
been discussed above, scour depth could significantly increase with the presence of accumulation debris.
Thus, how to estimate the scour depth in the presence of accumulation debris could be an important problem.
At present, the idea of the effective diameter of the pier is widely accepted and applied. An effective
diameter pier was proposed by (Melville and Dongol 1992):

. - h; D, +(r;—h;)Dp

(2-10)

where D, = the effective pier diameter; D, = the diameter of debris jam; hj; = the effective height of
the debris jam (thickness); and h; = 0.52h, ; hy = the height (thickness) of debris jam in the vertical
plane.

By accounting for the accumulated debris by augmenting the pier diameter, functions for bridge pier
scours without accumulation debris may be used to predict the scour depth. However, according to the
research of (Pagliara and Carnacina 2011b), the accuracy of Meville’s method was not good (Figure 2-9).
Thus, a new parameter was created to quantify the influence of accumulation debris. The presence of both
accumulation debris and the bridge pier could affect the area of the cross-section, thus Pagliara and
Carnacina’s theory considers blockage effects. Their proposed function for the influence of accumulation

debris on blockage ratio R, was:

I -D_)h
R, = M-lGO% (2-11)
hw,
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where |, = the length of debris in the direction of flow; h, = the height (thickness) of debris jam in the

vertical plane; w; = the width of debris;

A ) e Melville and Dongol (1992) Eq. 13

& Richardson and Davis (2001) Eq. 13
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Figure 2-9 (Melville and Dongol 1992) design procedure (R?=0.26 RMSE=0.048), and Richardson and
Davis (2001) (RMSE=0.3)

Lagasse et al. (2010) continued this idea and further investigated the different geometry (rectangular and
triangular) of debris and further developed Equation (2-10) to predict the influence of debris jam on scour
depth:

_ ahqwqa(lq/h)P—-(h—ahq)Dy

Dep = . (2-12)

where a = 0.79 for rectangular debris and 0.21 for triangular debris; g = —0.79 for rectangular debris and
—0.17 for triangular debris for [;/h > 1,and B=0when l;/h < 1; l; = the length of the woody debris
jam.

In addition, a function for time-dependent equilibrium scour depth was proposed (Pagliara and
Carnacina 2010):

v
u

c

LY = (0.1868
D

p

AR —0.1254 |In| = (2-13)
10
where T* = non-dimensional time relative debris accumulated area; AA = the percentage rough blockage
ratio AA=(w, - D, )-(h, +Dy)/(b-h)x100 ; p,=average debris log diameter
Debris size and shape could also have a significant influence on scour depth. Ebrahimi et al. (2018)

investigated the debris-induced scour around a sharp nose pier with the presence of different debris
geometries like cylinder, half-pyramid, and plate in different flow conditions (Figure 2-10).

16



Scenarios 2-6 9, 10,12, 13 7 8 bed level change (mm)
-120 -80 -50 -20 0 20

200 dS =104 mm
8 —~ 100
flow ‘I? E 5
3 N 100
) I ; 180
L 0 2l 500
flow o ot 2
kol ° @ T~32 N 16; m— % =190 i )
Lox = 16 55 5 T * (@

Figure 2-10 (a) Debris shape and size (b) Scour contour map  (Ebrahimi et al. 2018)

The presented results indicated that the constant dimension debris will induce higher scour depth due to
the increase of (horizontally and vertically) velocity and bed shear stress as the flow area reduces. Similarly,
a larger height of debris (thicker) will increase the scour depth. On the other hand, inverted-pyramid debris
causes smaller scour depth as the blockage ratio is smaller, which indicates the influence of debris geometry
on scour. More importantly, this paper also explained the scour process:

“At the beginning of the experiments, the onset of scour was observed at the upstream nose of the pier,
possibly due to the presence of a horseshoe vortex. However, as the scour progressed, downflow at the pier
base was forced into the scour hole by the three-dimensional vortex generated by flow separation from the
bed at the upstream edge of scour hole (Dey et al. 1995). This caused scour to quickly propagate
downstream where vortex shedding from the two upstream lateral corners of the pier would further increase
scour depth.” (Ebrahimi et al. 2018). This indicated that downflow is caused by stagnation pressure, and it
will be stronger in the presence of debris due to the reduction of flow area. Scour is initiated by the
horseshoe vortices, and downflow enters the scour hole due to the effects of the three-dimensional vortices
induced by the edge of the scour hole. Downflow loosens and lifts sediment particles, and the horseshoe
vortices or shedding vortexes carry the sediment downstream.

It should be noted that the studies mentioned above are focusing on static debris in front of the pier, but
it is not realistic due to the dynamic accumulation process of debris. Panici and de Almeida (2018)
investigated the maximum size of debris accumulation considering the flow condition and debris
characteristics (Figure 2-11) and demonstrated that higher velocity lead to a smaller debris jam size due to
break-up or dislodgement of accumulations. This indicated the complexity of realistic debris jam formation
and raised the question as to how long the debris jam could last and whether or not it would achieve an
equilibrium or steady state. Actually, the debris jam could increase or decrease at any time which means
the debris is time-dependent. Another question is how the debris jam was initiated and increased. Given
this, Schalko et al. (2019) investigated the accumulation probability of debris to estimate the occurrence
of debris jams, and Panici and de Almeida (2020) proposed a complicated and theoretical method to judge
the formation and removal conditions of debris jams, but it involved too many parameters and complicated
calculation process to get the results, which made it difficult to apply. Finally, (Panici and Kripakaran 2021)
developed a novel debris retention system. These recent studies demonstrate the complexity of the debris
accumulation process in a dynamic debris jam, which should similarly complicate the process of pier scour.
However, the time history of pier scour in the presence of a dynamic debris jam remains to be investigated.
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Figure 2-11 Typical accumulation shape during the stable phase for a nonuniform size debris test (debris
length =500 mm, D, =50 mm, U =0.411 m/s resulting in A = 10, and Fr. = 0.186). Images were captured

at the same instant from (a) the top camera, (b) the underwater camera located downstream from the pier,
and (c) the side camera (Panici and de Almeida 2018)

2.3 Woody debris and its load

Debris could significantly enhance the destruction caused by extreme flow events such as tsunamis or
floods, and it has been focused on for a long time in coastal and hydraulic fields. A major 8.8 magnitude
(Richter scale) earthquake occurred along the Pacific coast of Chile on 27 February 2010, and it was much
more destructive due to the addition of debris (Figure 2-12). This event clarified that the impacts of debris
should be carefully considered during tsunamis.

Figure 2-12 Tsunami damage due to the February 2010 Chile Tsunami. (Nistor and Palermo 2015)

Debris may also appear in a river channel, and this woody debris could form a debris jam in front of a
bridge pier. Debris accumulation around the pier of a bridge could be an extra factor that links to the failure
of the bridge (Bradley et al. 2005) and massive damage to civil properties. The first described woody debris
disaster during a flood event occurred in the European Alps (Figure 2-13). Huge debris accumulation is
considered one of the most destructive regional events, resulting in bridge obstructions which cause
inundation and avulsions.
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Figure 2-13 The Rienz River within the city of Bruneck/Brunico (south Tyrol, Italian Alps) was
photographed after the large 1882 flood (A) and portrayed during the event (B). The painter included
many floating logs in the flow, based on reports of local witnesses. (Comiti et al. 2016)

Hydraulic bores as a result of tsunamis or dam-release floods can induce extreme loads, sometimes with
sufficient force to overturn concrete buildings (Nistor et al. 2017). Flood events with the company of debris
including woody logs could significantly increase the power of these disasters which results in more severe
damages. Thus, properly considering the effects of debris in flood events is necessary, including the
development of associated codes for infrastructure design and construction.

Debris load threatens the safety of infrastructure during extreme flood events. Currently, the load due to
debris has been poorly investigated especially for fluvial channels, but the load of debris in transient
conditions has been studied. In addition, loads of debris are generally categorized into debris impact and
debris damming (Yeh et al. 2014). Nistor et al. (2017) applied smart debris with a novel non-intrusive real-
time tracking system and motion sensor to look at the dynamic path of debris entrained by a tsunami-like
bore (Figure 2-14).

Z

Figure 2-14 Downscaled 6.1-m (20-ft) shipping container model used as debris (Note: Tag = Quuppa
locating tag; AHRS = high-precision high-reliability attitude and referencing system) (Nistor et al. 2017)

Derschum et al. (2018) also applied a smart debris scale to a shipping container (1:40) to investigate the
impact and hydrodynamic force imposed on a rectangular structure in transient hydraulic conditions. The
hydrodynamic force was extracted from the debris impact (Figure 2-15a), and the results also found that
the debris impact velocity was about 63% of the wavefront velocity measured in the test. In addition, the
debris was not able to reach the velocity of the bore wavefront, and a delay was observed between the wave
and debris impacting the structure. On the other hand, an assumed linear centroid and observed centroid for
the approach trajectory of debris were evaluated and turned out to be approximate, (Figure 2-15b), and the
initial orientation of debris position was found not to have a significant influence on debris impact.
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Stolle et al. (2018a) also applied the smart debris in a tsunami-like bore to check the transport path of
debris and compared with the results of (Naito et al. 2014), which claimed that lines +22.5° from the
centerline would be affected by debris, and the results showed that the range of debris was found to be
consistent with the conclusion of Naito et al. 2014’s study though a probability analysis.

Similarly, Spreitzer et al. (2019) also applied smart wood to test the movement behavior of large wood
and assessed the effectiveness of the sensor. Further, Stolle et al. (2018b) investigated the damming load
due to debris imposed to an obstacle in transient supercritical flow conditions; the load evolution with time
was shown in Figure 2-16. Three types of debris (shipping container, board, and hydro pole) were applied.
The shipping containers were easily captured and formed a debris jam in front of the ramp. In addition, the
resistance coefficient for the three types of debris was consistent and related to Reynolds and Froude
number.
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Figure 2-16 Debris dam formation for the case with 9 SC, 81 HP, 20 B, and 0.40 m impoundment depth.
Panels (a)—(d) show still images from the HS at various key points. The red dashed line is marking the
water's surface elevation. Panel (e) shows the force-time history for the experiment, the times corresponding
to the above images are indicated within the figure (Stolle et al. 2018b)

For steady flow conditions, Mauti et al. (2020) applied an idealized debris dam with different heights,
shapes, and porosities to test the damming load (Figure 2-17). The results showed that the force acting on
a pier due to a debris dam was positively related to the dam height and Froude number and negatively to
dam porosity. On the other hand, Panici and de Almeida (2018) also applied woody debris to investigate
the drag force due to debris accumulation, and the drag coefficient was evaluated to be close to 1.
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Figure 2-17 Debris dam specimens (m): (a) front view of cylindrical dam with 0.2 porosity and 0.15 m
height; (b) top view of the cylindrical dam;(c) spacing of holes for porous debris dams; and (d) front view
of the plate of 0.10 m height (Mauti et al. 2020)

Currently, the load of debris has been poorly studied for: (1) debris type, the idealized debris dam was
fixed and static thus ignoring the formation of debris dam, in addition, the shape of the debris jam was not
realistic; (2) flow condition, transient condition has not yet been studied for woody debris jam while steady
flow condition has only rarely been investigated for debris.

2.4 Design codes related to debris jam

The design codes of buildings, which are used for guiding the construction of infrastructure, need to
consider accurately the effects of debris imposed on structures. Debris effects in both unsteady and steady
flow conditions have been introduced in terms of its load and associated scour.

2.4.1 Debris effects under unsteady flow

In terms of unsteady flow, the load on the structure is the main concern. As such, some design codes
have been proposed for calculating debris load in transient flow conditions, especially for extreme
conditions like tsunamis. The contents related to debris load were collected and compared including the
load of impact force and damming force focusing on the differences between these codes (Macabuag et al.
2018). The design codes referred to were as follows:

(1) FEMA P646: Guidelines for Design of Structures for Vertical Evacuation from Tsunamis.

(2) FEMA P-55: Coastal Construction Manual Principles and Practices of Planning, Siting, Designing,
Constructing, and Maintaining Residential Buildings in Coastal Areas (Fourth Edition)
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(3) Tokyo University: STRUCTURAL DESIGN REQUIREMENT ON THE TSUNAMI
EVACUATION BUILDINGS, Japan 2011

(4) The City and County of Honolulu Building Code (CCH) Chapter 16 Article 11 authored by the
Department of Planning and Permitting of Honolulu, Hawaii

(5) SEI/ASCE 7-10: ASCE Standard. 2003. Minimum design loads for buildings and other structures.
(6) ASCE 7-16: Minimum design loads for buildings and other structures
Debris damming load on a structure

Debris damming effects trigger the accumulation of debris in front of a building, and FEMA P-464 (2019)
recommends adopting the method of hydrodynamic force in ASCE 7-16 to calculate it. However, there is
a formula proposed in FEMA P-464 (2012) to calculate the force of debris damming:

F, =0.5p,C,B, (hU?), . (2-14)

where C, = the drag coefficient, B; = the breadth of the debris dam, h = the flow depth, and U = the
flow velocity at the location of the structure. The value for C,4 is recommended to be 2.0.

The momentum flux (hU?),,,4, Can be obtained using a detailed numerical simulation model, and the
debris damming force is assumed to act as a uniformly distributed load over the extent of the debris dam.
The effects of debris damming should be evaluated at various locations on the structure to determine the
most critical location.

Debris impact load on a structure

Debris impacting load, which is an impact force imposed in a very short time on a building by an object
carried by the flow, should be considered due to its huge damages. Thus, several design codes have
introduced formulae to calculate impacting force. Note that the impacting force in a river channel caused
by flood events might not be obvious compared with a highly unsteady flow, but it might be a potential
threat to a bridge pier.

(1) FEMA P-55

Several effects have been considered in the FEMA P-55 design code to calculate the impacting force of
debris in an unsteady flow: (1) the size, shape, and weight (w) of waterborne objects (2) design flood
velocity (U) (3) velocity of the waterborne object compared to the flood velocity (4) duration of the impact
(assumed to be 0.03 s) (5) portion of the building to be struck. The equation to estimate debris load is as
follows:

F =mUC,C,C (2-15)

str

where F; = the impact force at the Stillwater elevation, m = the mass of debris element, U = the velocity
of water, Cp, = the coefficient of depth, C5 = the blockage coefficient, C;, = the coefficient of a building
structure.

The building structure coefficient, C__, was developed based on ASCE7-10. A new formula was

str 1

proposed to calculate the building structure coefficient:
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str

where C, = the impact coefficient 1.0; C = the orientation coefficient 0.8; At =s the duration of

impact 0.03 s; R, = the maximum response ratio assuming approximate natural period.

(2) The City and County of Honolulu Building Code (CCH) Provisions

The provisions contained were used to apply to the construction of all new buildings and structures,
relocation and major alterations, additions, or reconstruction of existing buildings within the flood hazard
districts as delineated on the flood boundary and floodway maps and flood insurance rate maps, and any
amendments by the Federal Emergency Management Agency, on file with the department of land utilization,
City and County of Honolulu. Considering the impact of debris in flow, the impact force in CCH is
computed as follows:

F = m% (2-17)

where m = the mass of debris, U, = the velocity of debris (here evaluated to be the water velocity at the

base of the structure); ddﬂ = the acceleration or deceleration of the body.
t

Formula 2-19 was not convenient to use in practice, so the formula was further simplified by assuming
a most critical or vulnerable location. In addition, the duration for the velocity reduction to zero was over a
small finite time interval, and the approximation was made as:

F - 31;# (2-18)

where At = assumed to be the time interval over which impact occurs 1 s for wood construction; 0.1 s
for structure material of reinforced concrete construction; 0.5 s for structure material of steel.

(3) FEMA P-646(2012)

Debris impact forces from waterborne objects such as floating driftwood, lumber, boats, shipping
containers, automobiles, and buildings could be considered a dominant cause of building damage. Even
though it is difficult to accurately calculate the force, it might be estimated by some methods.

Debris impact force is assumed to act locally on structures, unlike other forces, at the position of the
water surface as shown in Figure 2-18, and the equation to estimate the magnitude of impact force is
F =130, u/keM(1+C) (2-19)

where U, = the maximum velocity of flow containing debris; k. = the effective stiffness of debris;
and M =the mass of debris; ¢ = a hydrodynamic mass coefficient.
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Figure 2-18 Waterborne debris impact force (FEMA P-646)

(4) Tokyo university: STRUCTURAL DESIGN REQUIREMENT ON THE TSUNAMI
EVACUATION BUILDINGS, Japan 2011

A structure design method for tsunami evacuation buildings was developed after the 2011 Great East
Japan earthquake due to the building damage from a tsunami. The process of structure design is indicated
in Figure 2-19, which implies the necessary consideration of debris impact load.
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Figure 2-19 Process of the structural design of a tsunami evacuation building (adopted from
STRUCTURAL DESIGN REQUIREMENT ON THE TSUNAMI EVACUATION BUILDINGS)

However, the existing methods of calculating debris impact load were very different from each other,
and the types of debris were also limited. Thus, a unified evaluation method that could be feasible for
various conditions has not been established yet.

Unfortunately, the method to calculate the impacting force of debris was not proposed, but it suggested
that building protective equipment or facilities to prevent debris impact could be measured in the design
code.

(5) ASCE7-02/ASCE7-10

The ASCE7 code considers impact load from logs, ice floes, and other objects hitting buildings and
structures. The impacting force divides into three categories (1) normal impact loads resulting from isolated
impacts of normally encountered objects (2) special impact loads that result from large objects like broken
up ice floats and accumulation debris (3) extreme impact loads from very large objects like boats, barges
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or collapsed buildings. Design for extreme impact load was not feasible for all/most buildings and structures.
The method to calculate the magnitude of impact load was:

£ _ MU,C,CoCoCoR

4 max 2-20
' 2gAt (2-20)

where R, = the maximum response ratio for impulsive load determined; C,  C; = the depth
coefficient and blockage coefficient separately determined; C, = the impact coefficient determined, At
=estimated to be 0.03 s. Cy = the orientation coefficient, here equal to 0.65;

In addition, special impact loads were proposed in the absence of a detailed analysis. Here the special

load may be too small for some large accumulation of debris, and an alternative approach involving the
application of the standard drag force expression was applied:

F =0.5C,pA U’ (2-21)

where U = flow velocity upstream of debris accumulation; A, = the projected area of debris
accumulation into the flow; C;= the drag coefficient equal to 1.0

(6) ASCE7-16

The most severe effect of impact loads within the inundation depth should be applied to the perimeter
gravity load-carrying structural components located on the principal structure axes perpendicular to the
range of inflow or outflow directions. Impact load is not necessarily applied simultaneously to all affected
structural components. All buildings and other structures meeting the above requirement shall be designed
for the impacts of wood poles, logs, vehicles, tumbling boulders, and concrete debris.

Simplified debris impact static load was estimated as the maximum static load, and this force was
calculated by:

F =1470C,C, [kN] (2-22)

where C, = the orientation coefficient, here equal to 0.65, C; = the impact factor.

While the nominal maximum instantaneous debris impact force can be determined by the following
equation:

F, = C,CoU, /KM (2-23)

max

where U4, = the maximum flow velocity at the site occurring at depths enough to float the debris, k.
= the effective stiffness of the impacting debris or the lateral stiffness of the impacting structural elements.

Significant progress in this edition of ASEM was the guideline for the path of debris to assess its damage.
Lines £22.5° from the centerline shall be projected in the direction of tsunami flow as shown in Figure 2-20,
and if the topography (such as hills) will bound the water from this 45° sector, the direction of the sector
can be rotated to accommodate hill lines or the wedge can be narrowed where it is constrained on two or
more sides.
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Figure 2-20 illustration of Determination of Floating Debris Impact Hazard Region (adopted from
ASCET7-16)

Instructions for how to draw the directions of debris were expressed as follows: (1) “an arc of the impact
of inflow should be drawn, one arc and two radial boundary lines of the 45° sector defines a circular sector
region with an area that was 50 times the total sum debris area of the source, representing 2% concentration
of debris.” (2) “the debris impact hazard region for inflow and outflow should be determined by rotating
the circular segment by 180° and placing the center at the intersection of the level or approved alternative
boundary”.

2.4.2 Debris effects under steady flow

Compared with unsteady flow conditions, debris effects in steady flow have focused on its influence on
the safety of bridges. As such, the associated scour caused by debris was the main concern. There were also
some design codes for in-channel wood debris, and they were developed by the US Federal Highway
Administration.

(1) Federal Highway Administration (FHA), U.S. Department of Transportation (2005):
Debris Control Structures Evaluation and Countermeasures (Third Edition), HEC-09

(2) Federal Highway Administration, U.S. Department of Transportation (2012): Evaluating
Scour at Bridges (Fifth Edition), HEC-18

(3) Klohn Crippen Berger Ltd, BC Hydro (2018): Reservoir Boom Design Guideline
(unpublished)

Loading on structure

Debris jam presented in front of a pier also imposes a load on the structure but drag force will be the
main concern instead of impact force. For the hydraulic loading with debris accumulation, the
hydrodynamic drag force is considered and the formula to calculate the drag force F; is
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Fi=CyrAc 5 (2-24)

where C,; = the coefficient of drag as shown in Table 2-3 ; 4, = the area of wetted debris based on the
upstream surface elevation projected normal to the flow direction; U, = the reference velocity; y = the
specific weight of water.

Table 2-3 Drag coefficient for debris jam on bridge pier in HEC-09

Value of B Value of F; Cop

B <0.36 F, <04 1.8
B <0.36 04<F. <08 2.6 — 2.0F,
036 <B<0.77 Fr<1 3.1-3.6B
B>0.77 F. <1 1.4-1.4B

Note: B means the blockage ratio which is the same as AAin this thesis.

The drag coefficient was related to the frontal blockage ratio AA and Froude number E,. as defined
below:

AA= ﬁ (2-25)

where A, = the unobstructed cross-sectional flow in the contracted section; A,,. = cross-sectional flow
area blocked by debris

The total force on the structure due to hydrostatic pressure difference can be approximated as:
F =prg (hcu A — hcd Ang ) (2-26)

where h., =vertical distance from the upstream water surface to the centroid of the area; A, = the area
of the vertically projected, submerged portion of the debris accumulation below the upstream water surface;
h.q = the vertical distance from the downstream, A,,; = area of debris jam vertically submerged
downstream.

The total resultant force for debris should be computed as the summation of the drag force and the
differential hydrostatic force. In practice, the transfer of load from debris to structure varies due to many
factors including the characteristics of the debris accumulation and the degree to which streambeds and
banks support the debris accumulation.

In the BC Hydro Reservoir Boom Design Guideline, a general current form of drag was also used
considering the effects of the shape of the object in the flow and the flow velocity

~ WU nPwyl,

“ ~ 70,7907 @27)

where U = average velocity at surface, |, = the length of debris in the direction of flow; w, = the

transverse dimension of debris; W,, = the unit weight of water; n = Manning’s roughness coefficient.

Associated scour
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Under steady flow conditions, the local pier scour associated with debris accumulation is another
important issue. HEC-18 proposed a well know function to calculate the maximum pier scour depth:

d D 0.65
ﬁ:Z.OKlKZKs(T"j F % (2-28)

where K; = the correction factor for pier nose shape; K, = the correction factor for an angle of the attack
of flow; K5 = the correction for bed condition

HEC-18 also recognizes the issue of a debris jam in front of the pier. The debris jam is idealized into
either rectangular or triangular shapes for different situations. In addition, it found that the greatest amount
of scour occurred when the dimensions of the debris jam in the flow direction reached the depth of
approaching flow. On the other hand, it also showed that debris was very likely floating at the water's
surface during a flood event.

As such, HEC-18 adopts the effective width of the pier to incorporate the prediction of scour depth in
the presence of debris. The effective width of apier D in the presence of rectangular and triangular shapes
is proposed as:

. K,(hyw,)+D_ (h-K,h
Dp= 4(d d) hp( 4d) (2_29)

where h, = the height of the debris; W, = the width of debris perpendicular to the flow direction; K, =
the 0.79 rectangular debris, 0.21 for triangular debris; D, = width of pier perpendicular to flow.

However, the design code also points out that this formula for debris jam has not yet been validated for
the Florida DOT (FDOT) methodology. The presence of debris deflects a component of flow downward
and leads to the increase of scour depth. In addition, the design code also suggests that the effects of debris
diminish in a large water depth.

2.5 Flow Pattern in the presence of woody debris jam

The presence of accumulation of debris at bridge piers or abutments could significantly increase the
possibility of bridge failure. Several investigations have focused on the accumulation of debris (Melville
and Dongol 1992). The presence of debris could lead to an irregular flow pattern around the pier, and it
might result in extra scour in front of the pier. Measurement and analysis of the flow pattern in the presence
of debris have been conducted to obtain deeper insight.

Lagasse et al. (2010) summarized idealized flow patterns for local scour in the presence of accumulation
debris (Figure 2-21). Reduction of cross-sectional flow area due to the presence of triangular accumulation
debris led to the acceleration of flow velocity, and finally, it caused the increase of scour hole depth. In the
case of rectangular accumulation debris, a second scour hole was observed in front of the bridge pier. These
results conceptually described how the debris jam affected the scour process. However, idealized debris
jams were studied, which might not have reflected realistic debris jams in terms of porosity and geometry.
In addition, the results did not quantify the flow field.
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Figure 2-21 ldealized flow pattern(Lagasse et al. 2010)

As for the details of the flow field at the pier in the presence of accumulation debris, Pagliara and
Carnacina (2013) used an Acoustic Doppler Velocimeter (ADV) to investigate the impacts of the
accumulation debris with different roughness, in comparison to a pilot test (Figure 2-22). Due to the reduced
area caused by the accumulation of debris, the flow was accelerated, and the accumulation of debris formed
a boundary layer that deflected the flow downward to the base of the pier. In addition, the velocity
distribution of the centerline was investigated, and velocity in the vertical direction was more irregularly
distributed with increasing roughness of the accumulation debris.
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Figure 2-22 Final scour flow field at Y/D =0.55 for (a) test T1 (pilot test) and (b) test T4 with debris
accumulation (Pagliara and Carnacina 2013)

Accumulation debris acted as a boundary layer at the water surface, so the velocity near the water surface
decreased. Similar to an ice layer, the presence of accumulation debris influenced the vertical velocity
distribution, and the maximum velocity in the vertical direction was found in the middle (Figure 2-23). The
maximum velocity in the vertical direction was marked to quantify the change of vertical velocity
distribution due to accumulation debris. This study indicated that the flow field was affected or contracted
by the boundary layer at the bottom of the debris. It also showed that an increase in the kinetic energy of
the flow, at the base of the pier caused by the debris, increased the capacity of flow to lift the sediment
around the piers and carry the sediment downstream. Moreover, the roughness of the debris influenced the
development of the boundary layer, and the maximum vertical velocity was observed close to the debris.
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Figure 2-23 Test T4 flow velocities for fixed bed u/U against z/ D, (a) upstream ; (b) downstream

(Pagliara and Carnacina 2013)

Okamoto et al. (2021) conducted flume tests to measure the flow field with driftwood accumulation by
PIV. There were four stages monitored in the test, and a governing parameter for the accumulation process
was examined. The instantaneous flow field measured by PIV is shown in Figure 2-24. The influence of
woody debris jam on the profile of vertical velocity downward is shown in Figure 2-25. However, if the
log jam reached spanwise wide, then the woody debris jam would not make the downward trend of vertical
velocity, and the average velocity of the profile decreased.
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Figure 2-24 Contours of time-averaged vertical velocity (Okamoto et al. 2021)
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Figure 2-25 Vertical profiles of time-averaged vertical velocity at the upstream edge of driftwood
carpet (Okamoto et al. 2021)

Understanding the flow field brings deep insight into the mechanism of hydraulic problems, and this was
helpful to understand the effects of woody debris jams on scour. Current studies have focused on the woody
block or fixed debris jam; this was not enough to have a comprehensive understanding of the influence of
the presence of woody debris jam on scour.

2.6 Numerical simulation for woody debris jam

2.6.1 Simulation of a bridge pier in terms of turbulence model

Numerical models were also widely used to simulate the scour under bridge piers, and the influence of
turbulence on scour in numerical models could be directly reflected and analyzed by comparing with
experiments. Many different turbulence models have been applied to simulate the flow pattern and scour
process. Olsen and Melaaen (1993) applied steady Reynolds-Average Naiver-Stokes (RANS) equations by
omitting the transient terms, and further RANS K —& (Ali and Karim 2002) and K —< (Roulund et al.
2005) models have been developed to simulate the bed shear stress and scour process, where k is the
turbulence Kkinetic energy, ¢ is the dissipation of turbulence energy and o is the specific rate of dissipation.
Moreover, eddy-resolving models like large eddy simulation (LES) (Kirkil et al. 2008; Zhao and Huhe 2006)
and detached eddy simulation (DES) (Escauriaza and Sotiropoulos 2011; Paik et al. 2007; Zeng and
Constantinescu 2017) have also been applied to simulate the scour process, enabling greater insight into the
sediment process interaction with flow structure and turbulence statistics.

Many studies of bridge pier scour used steady RANS models with a wall function to simulate bridge pier
scour. Olsen and Melaaen (1993) applied steady RANS with the omission of the transient terms:
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where P =the pressure; U, =the velocity component in the accroding directions; U/ =the flucuate
velocity in the according directions; p =fluid density; v =kinematic visocity; 5, = Kronecker delta.

i~

Both bedload and suspended load were considered in the model, and the suspended load was calculated
with the convection-diffusion equation and the k —& turbulence model:
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where I" =the diffusion coefficient (determined by k — & the model); w, =sediment fall velocity.

As for the bedload transport, (Rijn 1984)’s formula was adopted to calculate the bed concentration.
“Since the transient terms were neglected in the numerical model, the present study does not verify that the
numerical model will be able to handle all cases of scour around obstacles.” Olsen and Kjellesvig (1998)
further developed the RANS with k — & a model including the transient turbulence terms (Eqgs (2-31)and
(2-30)), and the sediment processes also considered the sloping bed. This later model simulated better
downstream, and the erosion process was modeled more correctly by considering the transient turbulence
terms.
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Richardson and Panchang (1998) applied a computational fluid dynamic model named FLOW-3D which
included the three-dimensional, transient, Navier-Stokes equations. Here the turbulence model combined
Prandtl’s mixing length theory and the renormalized group (RNG) k — & theory. In this study, the
turbulence flow could be properly simulated on a flatbed, but the scouring process was incorrectly simulated
due to an approximate model for sediment transport, even though drag force and local pressure were
included in the scour process. Due to the significance of turbulence in the scouring process, more studies
focused on applying a variety of turbulence models to obtain a more accurate result for the simulation. Ali
and Karim (2002) applied FLUENT CFD to investigate the bed shear-stress for rigid beds using the standard
k —£and RNG k — ¢ turbulence models, and the computed results were further used to calculate the scour
process. Salaheldin et al. (2004) used FLUENT’s multiphase formulation (volume of fluid; VOF) method
to capture the variation of water surface to achieve a more reasonable result for scour. Furthermore, several
turbulence models, including standard k — &, RNG k — &, realizable k —& and Reynolds stress model
(RSM), were also applied to simulate the velocity distribution and bed shear stress, which were then
compared with experiments. It was found that the RSM could give a more satisfactory result for simulating
the velocity field, bed shear stress and water level variation in the scouring process.

Roulund et al. (2005) investigated the influence of boundary layer thickness, Reynolds number and the
bed roughness on horseshoe vortex at bridge pier scour by applying RANS k —w SST (shear-stress
transport) model. This turbulence model was selected as the best one to simulate the adverse-pressure-
gradient flow case among a series of k —w models, based on comparison with experimental results.
Furthermore, a morphologic model including the bedload, sediment sliding, and mass balance of sediment
was introduced to calculate the scouring process. Zhao et al. (2010) further improved the RANS k —w
SST model by introducing an Arbitrary Lagrangian Eulerian (ALE) scheme which took the effect of mesh
moving speed into account, and the scouring process also included both suspended sediment and bedload
as well as the skin friction and bed slope. Here the influence of turbulence on scour could directly be
reflected by the equation:
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where U, =velocity of the computatonal mesh movement; v, = the turbulence viscosity; o, =a constant.

The experimental and numerical results showed that the scour process was governed by the combination of
horseshoe vortex and vortex shedding, and the horseshoe vortex steepened the bed slope in front of the
cylinder, and vortex shedding was observed to be important to the scour process in the wake of the cylinder.

The turbulence models mentioned above mainly focused on the steady Reynolds-Average-Navier-Stokes
(RANS) models. RANS approaches continue to play an important role in scour mechanism research with
further model improvements considering more factors in the sediment transport model (Baykal et al. 2015;
Xiong et al. 2016). In addition, considering the computational cost of three-dimensional modeling, two-
dimensional models for scour simulations including the turbulence influence (e.g., Liang et al. 2005; Noh
et al. 2012) could be a more efficient and practical method to estimate the scour evolution. However, the
mean flow and turbulence predictions obtained by RANS simulation with wall function in steady state were
of questionable accuracy owing to the flow complexity (Ettema et al. 2017).

Given the significant role of turbulence in the scour process, Unsteady Reynolds-Average Navier-Stokes
(URANS) models may yield more accurate results for the development of scour. (Paik et al. 2004) applied
a URANS k — & model with a wall function to simulate a complex shape of an obstacle, and it was found
that the URANS model can capture very complex, large-scale instabilities of mean flow and the low-
frequency vortical rolls in the wake boundary layer. (Ge et al. 2005; Ge and Sotiropoulos 2005) further
developed unsteady RANS and turbulence closure equations using a finite-volume method that was second-
order accurate both in space and in time. Furthermore, URANS was applied to sandbed and included the
bed transportation for diamond, square, and circle piers, and it was found that for the pier with blunt leading
edges like circular and square piers, the URANS model cannot resolve the energetic horseshoe vortex
system. It was necessary to use ad hoc empirical corrections to modify the calculated critical bed shear
stress to reflect the scouring process.

Steady and unsteady RANS models can simulate the moveable bed, but these methods were not yet
sufficiently reliable to predict scour depth for bridge pier design. (Ettema et al. 2017) pointed out that both
steady and unsteady RANS models can not accurately predict massively separated flows or flows with
adverse pressure gradients, and RANS models failed to describe the aspects of separated flows dominated
by unsteady vortex shedding and large-scale vortex interactions. Thus, the RANS cannot correctly predict
the structure of the horseshoe vortex system at the initial stage of scouring as well as the bimodal nature of
large-scale oscillations of the horseshoe vortex.

Eddy resolving models can give more detailed information for the mean flow field and the turbulence
structure which might be difficult to observe in experiments. Such models might also successfully simulate
the coherent structures controlling the bed erosion phenomenon. Eddy resolving models demonstrate the
role turbulence plays in the scour process, as the simulations achieve much better results when the
instantaneous flow field is taken into account.

Tseng et al. (2000) investigated the flow pattern around circular and rectangular piers by employing a
finite volume method using MacCormack’s explicit predictor—corrector scheme to solve weakly
compressible hydrodynamic flow equations combined with Smagorinsky’s SGS turbulence model (Large
Eddy Simulation, LES). Sung-Uk and Wonjun (2002) also investigated the flow field with or without scour
hole and compared the behaviors of LES and RNG k — & models, and it was observed that LES could
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simulate the flow field and scour hole more properly. Zhao and Huhe (2006) investigated the turbulence
flow field and scour mechanism around a pier employing the LES method; the instantaneous flow pattern
calculated in the study was reasonably computed as shown in Figure 2-26. The authors noted that
“turbulence plays an important role in the scouring process.” The turbulence intensity increased when the
scour depth increased, which was not consistent with the experimental results discussed above.
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Figure 2-26 Instantaneous flow patterns of the horse vortex system in the upstream of the pier (Zhao and
Huhe 2006)

Considering the advantages of LES for detailed computation of the flow pattern and turbulence structure,
numerous studies adopted the LES method to simulate the scour process around a pier or obstacle. Koken
and Constantinescu (2008a); Koken and Constantinescu (2008b) investigated comprehensively the scouring
process around a spur dike including the initiation and final stage of erosion and deposition states by the
LES method, and the bed shear stress and pressure fluctuation inside the horseshoe vortex were reasonably
well simulated. Kirkil et al. (2008) used LES to investigate the flow field around a circular cylinder located
in a scour hole considering the interaction of the horseshoe vortex system. It was found that the structure
of the horseshoe vortex varied significantly with space and time even though a large and stable primary
necklace vortex was evident in the scour hole (Figure 2-27). Kirkil and Constantinescu (2012); Kirkil and
Constantinescu (2015) further applied this model to simulate the necklace horseshoe vortex system in both
laminar and turbulent flow, and the large-scale coherent structures (necklace vortices, vortex tubes shed in
the separated shear layers (SSLs) and roller vortices shed in the wake) were well captured.

Figure 2-27 Visualization of the main necklace vortices inside the scour hole using the Q criterion(Kirkil
et al. 2008)
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Hybrid RANS-LES methods such as detached eddy simulation (DES) were another important set of
approaches to capture the turbulent flow structures and scour around bridge piers. Paik et al. (2007) further
developed the DES method with an unsteady RANS model, and this turbulence model become more widely
used due to its ability to simulate flow without using wall functions. Escauriaza and Sotiropoulos (2011a);
Escauriaza and Sotiropoulos (2011b); Escauriaza and Sotiropoulos (2011c) investigated the horseshoe
vortex as well as initial erosion and bedload transport using unsteady incompressible Reynolds-averaged
Navier—Stokes with DES turbulence model, demonstrating that the DES model could capture the coherent-
structure and simulate the interaction of turbulence flow and sediment erosion. (Kirkil and Constantinescu
2009) investigated the dynamics of large-scale coherent eddies in the flow around a circular pier, their
interactions, and their role in sediment entrainment in the scour process using the DES method. The flow
structure, turbulence statistics, and instantaneous bed shear stress could be reasonably obtained by this
model (Figure 2-28). Moreover, considering the good predictions of the DES model, it was further applied
to investigate the erosion process around a vertical plate (Kirkil et al. 2009), piers with complex shape or
multiple columns (Chang et al. 2013) and piers in shallow water (Zeng and Constantinescu 2017). It also
should be pointed out that by employing RANS near the wall the DES method captures less flow physics,
and it may be significantly more dissipative, compared with well-resolved LES.

Figure 2-28 Visualization of the flow structure behind the pier: (a) Q isosurface; (b) 3D stream traces;
and (c) mean-flow 2D streamline patterns in the symmetry plane(Kirkil et al. 2009).

2.6.2 Simulation of woody debris

Simulation of woody debris jams has not yet caught much attention, but some studies have already
stepped into this field. In the study of Mendonca et al. (2019), a metal mesh was used to shape the woody
debris jam, and then Flow-3D was applied to simulate the scour depth in the presence of triangular and
rectangular debris as shown (Figure 2-29). However, the numerical results did not compare well with the
experimental data, demonstrating that 3D simulation of scour was much more time-consuming and difficult
to get a reasonable result.
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Figure 2-29 debris geometry (a) triangular debris in Flow-3D (b) triangular debris in experiments (c)
rectangular debris in Flow-3D (d) rectangular debris in the experiment; (e) the side view of Flow-3D results
() the 3d view of Flow-3D results (Mendonga et al. 2019)

In contrast to modeling the accumulation of the woody debris, Meninno et al. (2019) aimed to simulate
the wood transport and the motion of wood debris. They used an advection-diffusion equation for floating
debris by applying a mass conservation equation:
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where c,, = the concentration of wood; o, =the orientation of a log; v,, = the wood linear velocity;
o, = the angular velocity of wood; K, =the streamwise diffusion coefficient; K = the transverse

diffusion coefficient; K, = the angular diffusion coefficient.

In their model the concentration of wood c,, timing a probability density function &, was used to express
the mass conservation, and the diffusion coefficient was considered to correspond to the rate variance of
particle position. The coefficients were determined with physical experiments. Persi et al. (2020) further
tested the behavior of the model with spherical and cylindrical wood in semi-congested and single-body
release methods in an open channel.

The moving particle semi-implicit (MPS)-type particle method had also been tested to simulate the
motion of wood and deposition pattern (Kang et al. 2020). The motion of driftwood was expressed by
assigning eight spheres in series to simulate the rotation and collision process, with the number of spheres
corresponding to the aspect ratio of the driftwood (Figure 2-30). The motion of each sphere was separately
calculated, and the gravity center was calculated by coordinating all the spheres. Then calculating the linear
velocity and angular velocity at the center of the wood, the spheres were rearranged in a straight line.
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Figure 2-30 driftwood motion tracking process (a) basic domain (b) type of positive particle pass
direction to the x-axis (c) type of negative particle pass direction to x-axis (Kang et al. 2020)

Kimura and Kitazono (2019) applied a Eulerian-type three-dimensional flow model coupling a
Lagrangian-type two-dimensional driftwood model to simulate the motion and jamming process of woody
debris, and the discrete element method (DEM) was used to model the collision effect of driftwood.
Experiments for the driftwood jamming were done, and the physical tests were used as reference data for
the numerical model (Figure 2-31). The driftwood Richardson number was proposed to quantify the three-
dimensional behavior. However, the results demonstrated that the 2D model was not able to well simulate
the water surface and the velocity in front of the obstacles.

Average velocity magnitude (m/s)
0.13 0.15 0.17 0.19
y ; i

(a) Deposition and driftwood jamming  (b) i-RIC simulation of debris jamming
Figure 2-31 physical and numerical modeling of driftwood jamming (Kimura and Kitazono 2019)

Current numerical studies have focused on the transportation, motion, and deposition of woody debris in
rivers, all of which were essential processes. However, the interaction of woody debris and fluvial channel
and structure has not yet been investigated in detail. FLOW-3D has been used to investigate the influence
of woody debris jam on sand bed scour, but the results were far from satisfying.

2.7 Research Needs and Problem Statement

The presence of woody debris influences the hydro-morpho dynamics and ecosystems of rivers. Further,
its influence on river infrastructure can be consequential, as it might threaten the stability and safety of
bridges. It is common to observe that the woody debris accumulates in front of both single and complex
bridge piers, resulting in flow obstruction (Diehl 1997). These woody debris jams decrease the area of the
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cross-section and lead to an increase in flow velocity, which can result in deeper scour at the base of the
pier.

Several studies have already investigated the influence of woody debris on pier scour in terms of static
woody debris jam (Lagasse et al. 2010a; Lagasse et al. 2010b) and the maximum dimension of woody
debris jam and drag coefficient of woody debris (Panici and de Almeida 2018; Panici and de Almeida 2020).
In addition, HEC-18 was also proposed as a code to estimate the scour depth in the presence of woody
debris jam and was further improved by Transportation Research Board (Lagasse et al. 2010). However, in
these studies, the woody debris is thought to be static and a block without evolution, which does not consider
the fact that a woody debris jam accumulates piece by piece, growing as a block with a shape most akin to
a half-cone, and may even eventually break up and wash downstream. In other words, the dynamics of
woody debris jam evolution and associated pier scour have not yet been considered. Thus, in the present
study dynamic woody debris jams that evolve over time will be examined, and their influence on the flow
field, pier loading, and pier scour will be investigated experimentally. In addition, Al tool has been widely
used in the hydraulic field, so an algorithm of multigene genetic programming was introduced to develop
a new model for temporal evolution to validate the application of Al tool.
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Chapter 3. A new model developed by MGGP for the
temporal evolution of bridge pier scour

3.1 Introduction

The removal of bed material around bridge piers caused by water flow is described as scouring. Scour
at bridge piers could significantly lead to bridge failure, especially during flood events, and several
investigations (Kandasamy and Melville 1989; Richardson and Richardson 1993; Sutherland 1986) pointed
out that scour may be the leading cause of bridge failures. Therefore, significant attention has been paid to
predicting local scour in order to avoid or mitigate the influence on bridges.

Local scour depth at the front of a pier is used to quantify the degree of scouring. If the maximum scour
depth undermines the bridge foundation, this can cause structural instability, finally leading to bridge failure.
Many methods have been developed to predict maximum scour depth or equilibrium scour depth
(Kandasamy and Melville 1998; Melville 1997), and recently Shahriar et al. (2021) categorized four pier
scour models for the equilibrium scour depth. Anderson (1963) pointed out that the scour depth varied with
time, and the practical equilibrium depth could be reached in a relatively short time. However, while an
equilibrium scours may be obtained after a long period of steady clearwater flow, the concept of an
equilibrium scour depth has less utility when applied to field situations with unsteady and live bed flows.
The peak flood flow might last only a few hours or days in the field, and there may be insufficient time
during short flood events to generate an equilibrium depth (Melville and Chiew 1999). Similarly, Kothyari
et al. (1992a) hypothesized that the maximum scour depth could not be reached with certainty when the
discharge did not run for a long enough period. On the other hand, long-duration moderate floods may
induce as much scour as short-term larger flood peaks (Link et al. 2017). The temporal evolution of
scouring is therefore thought to be more realistic to reflect the development of scour.

Erosion occurs due to the removal of sediment around the pier, and the scour hole develops
corresponding to an increasing horseshoe vortex (Graf and Istiarto 2002; Graf and Yulistiyanto 1998; Hager
2007; Melville and Raudkivi 1977). With the development of Artificial Intelligence (Al) technology, more
and more Al models have been applied to predict scour depth (Azamathulla 2011; Azamathulla et al. 2010;
Khan et al. 2011). These Al methods provide another potential approach to developing a more robust and
accurate model for scouring prediction.

The present study aims to provide insight into the temporal evolution of pier scour. First, a
comprehensive review of available analytical/theoretical models and empirical models is presented to
introduce the fundamental processes and important variables for the prediction of scour depth with time. A
brief review follows previous deep learning approaches to predict the temporal evolution of scouring.
Novel new approaches for the prediction of scouring evolution are then developed using multigene genetic
programing (MGGP). These MGGP models and previous empirical models are then assessed for accuracy
of scour prediction, using an independent data set obtained from both new experiments and previously
reported data.

3.1.1 State of the art

Due to the high risk of bridge failure caused by scouring, many formulas have been suggested to
describe the development of scour depth with time. Chabert and Engeldinger (1956) were pioneers in the
study of time variation of scour depth. During the period of the 1960s and 1970s, there were several
researchers (Breusers 1967; Liu et al. 1961) who experimentally investigated the time-dependent scour
depth, but the functions were either too complex or too inaccurate to reach a satisfying prediction.
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Present studies related to time-dependent scour can be categorized into theoretical and empirical
models. Current theoretical studies related to the temporal evolution of scour under the clear water regime
can be classified into three groups developed from (i) sediment pick-up model; (ii) horseshoe vortex model,
(iii) effective flow work model. According to sediment pick-up models, bridge pier scour is described as
sediment entrainment or a bedload problem but accompanied by a more complex flow condition. Yanmaz
and Altinbilek (1991) proposed a semiempirical model to predict the temporal evolution of scour depth
around circular and square piers based on the sediment continuity equation, and the sediment pick-up
function was introduced into the analysis of sediment entrainment around the pier. According to the
sediment continuity equation, the rate of volume change in the scour hole equates to the difference between
the sediment inflow and the outflow of the scour hole. Clear water scour was investigated by (Yanmaz and
Altinbilek 1991), so sediment carried into the scour hole was ignored. Dey (1999) further developed the
model to be applied to live bed scours as well as non-uniform sediment. In addition, Yanmaz (2006) further
improved the model to obtain a new function to compute the temporal evolution of scour depth. Yilmaz et
al. (2017) extended this approach to dual bridge pier scour, and a model was proposed to calculate the time-
dependent scour depth. Moreover, Yanmaz and Kose (2009) developed a model to calculate the temporal
scour depth development at the base of the abutment using this method. Chen et al. (2022) also applied this
method to develop a mathematical relation for the scour hole dimensions and the scour depth.

In horseshoe vortex models for scouring, the horseshoe vortex system is considered to dominate the
process of scour development, as the vortex system significantly affects the bed shear stress. Kothyari et al.
(1992a) investigated the influence of uniform or non-uniform sediment and stratification on scour depth,
and a model was proposed to calculate the scour depth, which was based on horseshoe vortex theory. This
method was further applied to live bed scour (Kothyari et al. 1992b).

The bed shear stress decreases with the development of scouring, and the removal of sediment around
a pier base finally reaching an equilibrium scour depth. Mia and Nago (2003) continued this idea and further
produced a model to calculate time-dependent scour depth, and the assumption that scours hole shape
remained unchanged concerning time was also introduced. Kothyari and Kumar (2010) experimentally
investigated the influence of sediment size on scour depth and further improved the horseshoe model. Lu
et al. (2011) focused on the temporal variation of scour depth for a nonuniform circular pier, and the scour
hole was divided into three zones. Thereby, a model was further derived from Mia and Nago’s model to
compute scour depth with respect to different stages of scour development for the nonuniform pier.

Transport work rate was introduced to quantify sediment transport, and Lai et al. (2009) continued this
idea to establish the relationship between a I'-shaped hydrograph and equivalent scour duration. Based on
the rate of flow work tu and bed shear stress t~pu?, and u is the approaching flow velocity, the effective
flow work on scour sediment was assumed to correspond to the flow intensity exceeding the threshold value
of flow intensity. Link et al. (2017) further developed an effective flow work model and adopted the
referenced velocity to calculate the effective flow work.

On the other hand, numerous studies have applied Artificial Intelligence (Al) methods to build new
models in recent years, and several studies are focusing on the scour depth which turned out to be able to
achieve a better prediction. Azamathulla and Ghani (2010) applied genetic programming (GP) to develop
a model for predicting the scour depth and compared its performance with models generated by Artificial
Neural networks (ANN). They showed that the overall performance of GP behaves better than ANN models.
Azamathulla (2011) adopted GEP (Gene Expression Programming) and ANN to build the functions to
predict the equilibrium scour depth at abutments, and it was found that the GEP function can achieve a
better result. Azamathulla (2012) further applied the GEP method to generate a new function to estimate
the scour depth downstream of sills, and the new function gave a satisfactory prediction. Mohammadpour
et al. (2013) compared the results of time scale scour depth at short abutments predicted by GEP, ANN,
and MLR (multiple linear regression) methods, and showed that GEP and ANN were more practical

41



approaches. In addition, Muzzammil et al. (2015) used the GEP method to generate a new function to
predict the scour depth at bridge piers in cohesive beds. Khan et al. (2011) used the GEP method to predict
the equilibrium scour depth at bridge piers. Jamei and Ahmadianfar (2019) applied MLR, GEP, and locally
weighted linear regression (LWLR) to develop a new model respectively for the prediction of scour depth
in the presence of debris jam and concluded that the LWLR can reach a satisfactory result. Among these
Al models, GP and GEP models have the advantage of yielding an explicit model, especially compared
with ANN.

A new approach for GP is the multigene genetic programming method (MGGP), which works with
several traditional GP models together to develop a more robust and accurate, explicit model. A comparison
of several machine learning methods turned out the MGGP has a successful estimation for solving civil
engineering problem (Uncuoglu et al. 2022). In addition, MGGP has been used to develop models for soil
water retention curve (Garg et al. 2014), permeability in oil reservoirs (Kaydani et al. 2014), and initial
dilution of buoyant jets (Yan and Mohammadian 2019), and these studies suggested that the MGGP model
achieved a more precise prediction compared to other Al models like ANN, ANFIS (neuro-fuzzy inference
system), and GP. The MGGP algorithm is a convenient and efficient method to build new functions, but
MGGP has not yet been applied to the prediction of the temporal evolution of bridge pier scour.

In the present study, the multigene genetic programming method (MGGP) is applied to develop a new
empirical function for the temporal evolution of scour depth. The procedures are (1) collecting the necessary
data, and its division into input data for the development of new functions and independent validation data
for the evaluation of model performance; (2) normalizing the variables for scour depth predictions; (3)
selecting parameters for developing a new MGGP model; (4) distributing input data into different
percentages of training and testing data; (5) development of the new MGGP model; (6) evaluating the error
of the developed MGGP model and comparing it with the existing empirical functions.

Many studies have been conducted for scouring and found that temporal scour depth development is
significantly influenced by flow intensity, pier size, sediment material, and so on. Several researchers have
used regression methods to build empirical relations to predict temporal scour depth as a function of relevant
parameters.

3.1.2 Analysis of Temporal scour depth

Ettema (1980) investigated in detail the influence of nondimensional parameters on the development of
scour depth, and a logarithmic function was proposed to describe the temporal scour depth. The function
considered shear velocity, sediment size, and pier size, and two additional fitting parameters were
determined using experimental data. Franzetti et al. (1982) also conducted several experiments to obtain
deeper insight into the temporal scour depth, and an exponential function for circular piers was derived to
express the influence of duration on scour depth. Whitehouse (1997) further developed a similar exponential
form of the formula to describe the temporal development of scour depth. Melville and Chiew (1999)
systematically investigated the influences of several factors such as flow intensity, approach depth, and
sediment size on scour depth which resulted in equation (1). Their formula for dg requires the time to reach
equilibrium scour time t., and the equilibrium scour depth (dg.) which they obtained from the formula in
Melville (1997). Oliveto and Hager (2002) studied the resistance force of piers on fluid flow and proposed
an empirical function to predict the temporal evolution of scour depth based on hydraulic analogy by
introducing Froude similarity. This method was further validated and developed by (Hager and Unger 2010;
Lopez et al. 2006; Oliveto and Hager 2005). Chang et al. (2004) thought that there was a critical sediment
size corresponding to the equilibrium scour depth under the critical state, and a complex process was
produced to calculate the equilibrium scour depth as well as the time required to develop into an equilibrium
state for nonuniform sand. Moreover, this method could also apply to unsteady flow conditions. Ldpez et
al. (2014) focused on the unsteady flow condition since the discharge of floods varies with time, and a new
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function was proposed to predict temporal scour depth based on the approach of (Oliveto and Hager 2002).
Aksoy et al. (2017) further considered the influence of pier diameter on scour, and a new empirical equation
was proposed to calculate the temporal evolution of scour depth based on the (Yanmaz and Altinbilek
1991)’s model. Typical empirical functions are summarized in Table 3-1 .

Table 3-1 Empirical functions to predict time-dependent scour depth

Researchers Formulae No.
16
Melville and Chiew d u t
— =exps-0.03|-<1In| — -
(1999) se p{ U (tj } (3-1)
d §
Oliveto and Hager (2002) = 0.0880 "N F;* log(t,) (3-2)
R
0.08K,K,t;** (t/t,) 0<(t/t,)<t
Chang et al (2004) d, = d,, —0.27K_K, ((t/te )% —0.41) t,<t/t,<0.04  (3-3)
§ 004<t/t <1
.. ~LIKK, ((t/t,)-2.22(t/t,) ** +1.22) :
d U 15 h 015
Aksoy et al. (2017) —= =08 =| |=—| (logt,)"” (3-4)
D, U, D,

where d,= the temporal scour depth at time t; t,=time for equilibrium scour depth in the study (Melville
and Chiew 1999); d,.=equilibrium scour depth in the study(Melville and Chiew 1999) ; u.=critical mean
flow velocity for sediment entrainment; Lg= a reference length, and equal to (Dphz)l/3 for pier; t, is the
dimensionless time scale and equal to {t[/dsog(ps — pw)/pw/Lr]}; Ns=a shape number, 1 for circular
pier and 125 for abutment; F; is the densiometric particle Froude number equal

to{U/\/dsog(ps — pw)/pw} ; Ko =factor for adjusting sediment gradation; K,,= the factor for adjusting
flow intensity; dse.=equilibrium scour depth of uniform sediment in the study (Chang et al. 2004); t. =
[dgec/(0.35K,K,) — 0.31]7333 and p,=density of sand, p,,=the water density; t, = the dimensionless

time scale and equal to {tdso[+/(ps — Pw)/Pwgdso/DE]}
3.2 Methodology

3.2.1 Data collection

The data used in the present study were sourced from both previous literature and a new experiment
conducted by the authors to obtain data independent from previous studies. Physical modeling was applied
to investigate the influence of the evolution of scour depth in front of a single bridge pier in the University
of Ottawa Hydraulic Lab. The flume in the lab was 30 m long, 1.5 m wide, and 0.7 m deep (Figure 3-1).
Two flow straighteners were set up close to the flume inlet to ensure flow uniformity. A 0.2m high false
floor was initiated 18.3 m downstream of the flume inlet to create a 3.15 m long mobile bed test area within
which the model pier and instrumentation were placed.
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Figure 3-1 sketch of the experimental flume (not to scale)
The mobile bed test area was filled with sand with ds, of 1.16mm and a gradation of 1.22. A circular
pier with a diameter D,,=0.09m was placed in the center of the sand bed test area. A Vectrino Acoustic
Doppler Velocimeter (ADV) (https://www.nortekgroup.com/products/vector-300-m) was used to measure
the vertical distribution of velocity 0.8m upstream of the pier, and a fitting equation was used to get the
vertical distribution of velocity so that the mean velocity was obtained (see Zhang et al. (2022). A filter
developed by (Rennie and Hay 2010) was applied to remove the noise of ADV data, and time-averaged
velocity was obtained for each point. The mean velocity was computed by the depth-averaged method. The
flow condition for each experimental test is presented in Supplementary 111 Table SO.

All tests were conducted under clear water scour flow conditions and lasted for 60mins. To initiate
each test, the discharge was slowly increased to avoid any entrainment of the sand bed until reaching a pre-
determined inlet valve opening position for the designed flow condition. After the flow stabilized (average
of 2 minutes) then the time evolution of scour depth was recorded using an endoscope camera (5.0 MP USB
Endoscope, NIDAGE 50FT Inspection Camera) inside the pier focussed on a ruler attached to the front of
the pier, and the endoscope camera had image size of 2592x1944. The results of time history scour depth
for each flow condition are presented in Figure 3-2. The measurement of temporal scour depth by endoscope
camerawas calibrated with an average error of 4.38%. As for the reason for employing 60min test durations,
this study focused on the temporal evolution of scour depth instead of equilibrium scour depth. Further,
given that initial scour develops quickly, capturing the first hour of the process is most useful for assessing
the current models. In addition, the correct simulation of the rapid initial scour is important for predicting
scour depth in flood events. Lastly, other previous studies have already done tests with longer durations

(Lanca et al. 2010), and their data sets are also incorporated herein to validate the models.
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Figure 3-2 Temporal evolution of scour depth in front of the pier

The previous literature data to be used as input data were sourced from Alabi (2006), Chang et al.
(2004) and Aksoy et al. (2017), Mia and Nago (2003) 665 data points in total were used to develop MGGP
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model for the temporal evolution of scour at a circular bridge pier. The validation data included data from
Lanca et al. (2013) and the new experimental data from the present study (889 data points in total). The
validation data are independent of previous studies and thus can be used to conduct an error evaluation. A
detailed overview of the range of data is shown in Table 3-2.

Table 3-2. Summary of data sets

Experiments U(m/s) h(m) U/uc D,(m)  dso(mm) c
Alabi 2006)  0.195-0248  0.115-023  0.7-0.89° 00730115  0.53 1.23
Chang et al. 0227039  0.015-0.03 ~ 0.1 0.71-1.0  1.2-30
Input Data (2004)
A'Z%‘i% al, 0.369-0.441 0.176-0.194  0.48-056°  0.04-0.2 3.47 1.39
Mia and Nago c
(2003) 0.313-0.389  0.16-0.30  0.71-0.82 0.06 1.28 1.29
Lanca et al. 1.40-
Validation 2010) 02520295  0.13-0.16 - 0.063-0080 0.86-128 ',
data Presentstudy 02230311  0.18-0.32 8'383; 0.09 1.16 1.28

Note: Critical mean velocity u,. is determined by  (Aksoy et al. 2017)®: (Melville and Sutherland 1988):
from the (Mia and Nago 2003) ©
3.2.2 Normalizing the variables

The temporal evolution of scour depth is affected by sediment material (size ds,, gradation o, density
ps); pier characteristics (alignment, shape, size D), although the present study is limited to circular piers;
flow variables (depth h, velocity U, viscosity p, water density py,); gravitational acceleration g, and time t
(Melville and Chiew 1999):

ds = f{{hruigapwuul S}’{dso’psia}l{Dp}it} (3-5)

where h =approaching flow depth; d, =the temporal scour depth at the time t; U=approaching average
flow velocity; ds,=mean sediment size; ps=density of sand; S=energy slope; t=time; o=nonuniformity of
sediment \/dgs/d;¢, and dg,and d,¢ are the grain diameter at 84% and 16% passing. Often, non-
dimensional parameters are utilized via dimensional analysis to establish the function to predict the
development of scour depth.

Non-dimensional analysis is necessary to start the MGGP model development, and Buckingham
nondimensional methods were applied. The diameter of the pier D,,, mean velocity U, and density of
water p,,were used as repeat variables, and the following non-dimensional variables were obtained: IT; =
dso/Dp , Iy = h/Dy, I3 = p,UDy/u, I, = 0, s = Ut/D, , llg = U/\[gDy, I, = ds/D,, mg = S,
o = py/pPs- It should be noted that g was ignored in the subsequent analysis due to a lack of available
data, and Ty was neglected because it had a constant value in the data set. Finally, the standard non-
dimensional equation for the temporal scour depth was obtained.

IT, =ILILILIT, ITI.II (3-6)

In addition, previous empirical formulas also proposed their nondimensional form, and the variables
series of d was used to distinguish the standard nondimensional variable. Three groups of normalized
variables were applied in the present study:
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dy=——2——=1f(d,.d,)
d
le :L_S: f (ds’duds) (3-7)
R

d,, =d,/D, = f (d,,dg,dj)

where group one {d,,d,, de, d;,do} ; group two {ds,d,, ds,d0} ; group three {d,,d,dg,d 1} ;d; =
dso/Dp i dy=h/Dy; dz3=Fy; dy=0; ds=Ty; dg=U/uc; dy=t/te; dg=1ty; to=
t[Vdsog(ps — pw)/pw/Lr] i ta = {tdso[y/(ps = pw)/Pwgdso/ D51} i Fa = U/ dsog(os = pw)/puw ;
Lg = (Dph2)1/3

It should be noted that Eq. (3-7)group one is adopted from Melville and Chiew (1999), while Eq.(3-7)
group two is adopted from Oliveto and Hager (2002); likewise, Eq. (3-7) group three is from Aksoy et al.
(2017). These normalizing styles are all applied separately to determine a better function for the temporal

evolution of scour depth.
3.2.3 Multigene Genetic Programing method

Multigene Genetic Programing (MGGP), which is an extension of the GP approach, is a search model
involving computer programs such as mathematical expressions, decision trees, polynomial constructs, and
logical expressions. Both MGGP and Gene Expression Programming (GEP) are advancements of the GP
method, although the algorithm structure is different. GEP computer programs are encoded into linear
chromosomes and further expressed into expression trees (Ferreira 2001). The differences between MGGP,
GEP, and GP are shown in Mehr and Safari (2020).

MGGP develops new models through an evolution process, and it is not necessary to input the structure
of the function, thereby avoiding bias in the model definition. In addition, MGGP, as a branch of GP, uses
a lower depth of GP trees leading to simpler functional forms, while multi-genes are applied to ensure the
good fitness of the model. The mathematical expression of MGGP is formed by adding several genes
together, and a bias term is used to incorporate them:

f(y) = ap + a,(Gene,) + a,(Gene,) + -+ + a;(Gene;) + --- ay(Geney) (3-8)

where a, = the bias term; Gene; = the ith gene involved to form the model; N = the number of genes;
a,...a;...ay is the weight of the corresponding gene.

Multigene are developed to form the function and are distributed with different weights. Among these
genes, genetic operations are involved to evolve the generation of the model. The operation processes
mainly include crossover, mutation, and reproduction. An example to show how it works is shown in
Supplementary Il Figure SO. Compared with traditional GP, the MGGP also involves the evolution of the
model by exchanging the subtree term. More detailed information about MGGP can be seen in (Garg et al.
2014; Yan and Mohammadian 2019)

The MGGP model applied in the present study is based on the MATLAB codes of toolbox GPTIPS2
(Searson 2015), which is an open-source algorithm and able to be modified. Firstly, the input data sets were
randomly divided into various proportions of “training set” and “testing set” data. Secondly, the variables
were input into the MGGP model based on the normalizing shown in Eq. (3-7). Thirdly, the parameter of
model architecture also needs to be determined such as the maximum number of generations of evolution,
the number of genes, and the population size. A sensitivity analysis on the maximum generations showed
that using maximum generations=2000 would be more than sufficient to ensure RMSE convergence which
is around 300 generations (Supplementary Il Figure S1).
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Similar sensitivity analyses were also performed to determine the number of genes and the population
size. The population size set in the model was 500 with a maximum number of generations of 2000, and 4
genes were applied. The probability of a Pareto tournament is 0.3 which works for the preference of
simplicity. The function set enabled for defining the MGGP model is the default setting with +, -, *, /, exp,
log, abs, cube, exp, square, tanh, sqrt, and neg, and the setup is summarized in Supplementary |1l Table S1.

3.3 Results and evaluation

3.3.1 Criteria of error evaluation

To evaluate the accuracy of the models, the following error metrics were used: root means square error
(RMSE), normalized root mean square error (NRMSE), Nash-Sutcliffe coefficient (NASH), and Pearson
correlation coefficient (R?). Smaller values of RMSE and NRMSE mean higher accuracy of the model,
whereas the E value and R? , when close to 1 corresponds to a better match of the model. A correlation
coefficient R? of 0 means that there is no linear relationship between the variables. Collectively, these
criteria can comprehensively quantify the error and correlation of the model.

RMSE =\/12n:(ymi _ypi )2 (3-9)

Nz
NRMSE :%SE (3-10)
n IVIRY.
NASH =1- Zj;l(ymi ﬁ)z (3-11)
Zi:l(ymi N ymi)
R2 Zi:l(ymi _ym)'(ypi _yp) (3_12)

A N A

where y . =measured value; y  =predicted value; Y, =mean measured value; Yy, =mean predicted

value; N= number of points.
3.3.2 Sensitivity analysis

MGGP models were developed using the variables determined by the Buckingham non-dimensional
method Eq. (3-6). Further, the influences of each variable on the MGGP model were evaluated; the same
apportions of training and testing data (3:1) were applied, and the influence of each variable was obtained
by deactivating the variable. It might also be pointed out that 3: 2 splitting of the input data for the training
and testing data was also tested, and it was found that, although the individual model errors varied somewhat
between 3:2 versus 3:1 splitting, this did not change the results of sensitivity analysis for the role of each
variable. The resulting equations are shown in Supplementary Il Table S2, and the error analysis for each
equation is shown in Table S3. The error of prediction without I1;, IT,, IT; does not exhibit a significant
change, and this indicates that sediment size, flow depth, and viscosity have minimum influences on the
prediction of input data. However, the time scale plays the most significant role in the predictions as the
error significantly increases without the time scale. In addition, sediment gradation and mean velocity can
also, apparently, affect the predictions of the scour depth in terms of time.

Error evaluation was further applied to the validating data, and the sensitivity analysis results are shown
in Table S4. The MGGP model reached a reasonable prediction when deactivating thell, = h/D, , I3 =
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pwUD,/u, and T, = o, and the prediction was much worse when deactivating IIs = Ut/D,, , Il =
U/\/gD, . This implied that sediment gradation, time scale, and mean velocity had a greater influence on
the prediction of scour depth, especially with respect to time.

3.3.3 MGGP models with variables based on previous equations

Three types of normalized variables were executed to develop MGGP models, based on Eq. (3-7) . The
results of the MGGP models are all presented in the Supplementary Il Tables. Different proportions of
training and testing data were separately tried to develop new models to achieve a better prediction. As
Table S1 shows, the splitting proportions of input training and testing data evaluated for the development
of a new model were (0.6, 0.4), (0.75, 0.25), (0.90, 0.10), and (1.0, 0.0). In addition, multigene gene
programming can return to single gene programming when the gene number is set as 1.

Table S5 shows the MGGP models developed using Eq. (3-7) group one variable from the empirical
function of Melville and Chiew (1999), and their error statistics are shown in Table S6. The functions based
on the nondimensional form of Eq. (3-7) group one are generally far from satisfying accuracy. Eq. (S2)
behaves best among them, for both the input data and validating data. Thus, the MGGP model developed
with a higher proportion of training data performed better for the input data, and its behavior for validating
is also expected to improve.

The second type of MGGP model based on the empirical function of Oliveto and Hager (2002) uses
Eqg. (3-7) group two to develop new functions, and the results are presented in Table S7. Likewise, different
proportions were applied to develop new MGGP models to ensure the best performance of the model. Error
evaluations were applied to quantify the performance or accuracy of these MGGP models, and the results
are presented in Table S8. The predictions made by the models were surprisingly good for both input data
and validating data while Eq. (S8) behaves the best for the input data, its performance for validating data is
not the best one. In addition, the biases of Eq. (S7) and Eq. (S9) are too large to indicate true correlations.
The MGGP models developed by a higher proportion of training data here did not lead to better performance
for validating data, but, generally, Eq. (S8) has the best prediction for both input data and validating data.
Otherwise, it is difficult for single-gene programming to reach a satisfying degree of accuracy with its
simple expression.

The third type of MGGP model, based on Aksoy et al. (2017)’s empirical function variables Eq. (3-7)
group three, is presented in Table S9. The same data split method in terms of propositions of training and
testing data was applied to develop new models or functions. The error evaluations are also conducted using
the same criteria, and the results are presented in Table S10. Generally, these models have a good agreement
for the input data, which involves the model development, and Eq. (S14) has the best prediction among
them. However, it also indicates that this type of non-dimensional form generally behaves poorly for
validating data. In addition, the model developed using a higher proportion of training data can behave
better for the input data, but this does not result in a good performance for the validating data.

3.4 Discussion

The MGGP method has been utilized herein to propose several functions to predict the temporal
evolution of scour depth. By comparing Tables S4, S6, S8, and S10, it is interesting to note that the MGGP
models based on non-dimensional variables derived from Buckingham IT dimensional analysis
(Supplementary Tables S2) were outperformed by MGGP models derived using non-dimensional variables
obtained from previous predictive models (Tables S5, S7, S9). The most successful of these latter MGGP
models will now be compared to some typical empirical and mathematical models available in the literature
for the temporal prediction of scour depth. Error evaluation based on the input data for these previous
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models and the best MGGP models is shown in Table 3-3 as well as the Multiple Linear Regression and
Genetic Algorithm (GP) is also presented.
Table 3-3 Summary of error evaluations for typical empirical functions and MGGP models on input data

RMSE NRMSE NASH R
Oliveto and Hager (2002) 0.034 0.499 0.119 0.535
Aksoy et al. (2017) 0.032 0.458 0.259 0.426
Melville and Chiew (1999) 0.039 0.561 -0.113 0.485
Chang et al (2004) 0.034 0.498 0.122 0.413
Mia and Nago (2003) 0.036 0.522 0.036 0.410
Kothyari et al (1992) 0.033 0.482 0.177 0.521
MLR (Pandey et al. 2018) 0.055 0.789 1.21 0.449
GP(Pandey et al. 2018) 0.0498 0.720 -0.836 0.429
MGGP-Eq. (S2) 0.021 0.307 0.667 0.683
MGGP-Eq. (S8) 0.015 0.223 0.825 0.834
MGGP-Eq. (S14) 0.017 0.250 0.779 0.779

Melville and Chiew (1999), Oliveto and Hager (2002), and Aksoy et al. (2017) are considered the typical
empirical functions. Among them, Aksoy et al. (2017) had the best accuracy for input data as its RMSE is
the smallest; however, this is not an independent test, as an important part of the input data is from (Aksoy
etal. 2017), which might contribute to its good performance for the input data. On the other hand, compared
with typical empirical functions, all three of the MGGP models resulted in better performance. This
indicates the advantage of MGGP models to develop relatively better functions. In addition, it was also
observed that the performance of the GP and MLR model developed by Pandey et al. (2018) is relatively
weak.

The typical empirical, mathematical models, as well as MGGP models, were also applied to conduct
an error evaluation in terms of validating data, which is shown in Table 3-4. The validating data are
independent of the existing functions and were also not involved in the MGGP model’s development; thus,
the validation data provide a good test of each model’s extension and robustness for the prediction of
unknown causes. Firstly, the Melville and Chiew (1999) function has the smallest error among these typical
empirical functions, while Kothyari et al. (1992) have the best performance for R? In addition, the model
of Aksoy et al. (2017) exhibits relatively good performance, although not as good as the input data.
Secondly, not all types of MGGP models can induce a better performance for validating data, as it is found
that Eq. (S14) behaves poorly compared with Melville and Chiew’s function. However, the MGGP model
based on Oliveto and Hager variables (Eq. S8) has the smallest error overall, better than any of the existing
empirical functions while the GP and MLR models still have relatively weak performance.
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Table 3-4 Summary of error evaluations for typical empirical functions and MGGP models on validating
data

RMSE NRMSE NASH R’
Oliveto and Hager (2002) 0.043 0.605 0.468 0.676
Aksoy et al. (2017) 0.040 0.558 0.547 0.899
Melville and Chiew (1999) 0.033 0.462 0.689 0.852
Chang et al. (2004) 0.047 0.666 0.356 0.640
Mia and Nago (2003) 0.038 0.539 0.577 0.876
Kothyari et al. (1992a) 0.036 0.515 0.615 0.912
MLR (Pandey et al. 2018) 0.0632 0.892 -0.156 0.735
GP (Pandey et al. 2018) 0.0641 0.905 -0.192 0.535
MGGP-Eq. (S2) 0.024 0.340 0.832 0.877
MGGP-Eq. (S8) 0.022 0.314 0.857 0.913
MGGP-Eq. (S14) 0.029 0.404 0.762 0.910

Notably, the correlation criteria of NASH and R? are relatively high for the Kothyari et al. (1992a) and
Aksoy et al. (2017) empirical functions, but the error of these is also very high, suggesting bias in the
predictions. The predicted and measured scour depths for Aksoy et al. (2017), Kothyari et al. (1992a), and
Melville and Chiew (1999), as well as the three MGGP models developed in the present study, are shown
in Figure 3-3.
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Figure 3-3 Comparison of the measured value and predicted values for the typical empirical function for
validating data

As surmised, Kothyari et al. (1992a) achieved a very high correlation for validating data, but its error is
also very high due to negative bias. Thus, R? cannot completely represent the accuracy of the model, and
RMSE and NASH criteria are also helpful to quantify the accuracy of the model. Of the MGGP models,
Eq. (S8) has the smallest RMSE and best Nash coefficient, but it is also found that there are many
meaningless negative points; this is due to the utilization of log functions in the MGGP. In contrast, the
MGGP model Eg. (S2) has a better physical meaning due to fewer meaningless points and a consistent
trend with the measured value. It is worth noting that the MGGP model Eq. (S2) has fewer input variables
and is thus less prone to overfitting and likely better applied to predict the evolution of scour depth.

Herein, it has been shown that different MGGP models with different reliability can be generated if the
proportion of training and testing data used to develop the model is varied (Tables S5-S10). Even more
importantly, additional independent validating data must be reserved to evaluate the generated models. As
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with all empirical models, MGGP models are subject to overfitting, thus validating data should not be
involved in the development of Al models to ensure fair and objective evaluation. Nonetheless, it should
be recognized that MGGP models should not be applied for the prediction of situations beyond the range
of parameter values considered in model development. This could also be observed in GP and MLR (Pandey
et al. 2018) models, and this is also the reason that their models could not reach a good performance in this
study. In the present case, the data sets selected to evaluate the time-dependent scour models are mainly
from lab experiments, so field data might be necessary to further develop and evaluate the models. It should
also be pointed out that some models have special application conditions; for example, Lu et al. (2011)
worked for nonuniform pier diameter, while Chang et al. (2004) and Link et al. (2017) predicted temporal
scour depth at bridge piers in unsteady flow conditions. Wang et al. (2022) investigated the scour depth in
the double-layered sediment considering the mixture of coarse, medium, and fine sand. The selected non-
dimensional variables are also important for MGGP models to develop a good function; this indicates that
MGGP is helpful to determine the relevant parameters and structure of the predictive formula. In some
cases, insensitive variables are not utilized in the developed MGGP (e.g., I13, see Table S3). Lastly, it should
be noted that empirical models and MGGP models might also lead to meaningless negative points if log
functions are utilized.

3.5 Conclusions

A comprehensive review of the models of the temporal evolution of bridge pier scour was presented
in this study. Existing models for time-dependent scour development were summarized and categorized
into mathematical models and empirical models as well as artificial intelligence models according to the
derivation. Several experimental data from the laboratory were used to develop MGGP models for temporal
scour depth at a bridge pier. The accuracy of typical mathematical, empirical models and MGGP models
developed herein was evaluated using the criteria of root mean square error (RMSE), normalized RMSE,
NASH coefficient, and Pearson’s coefficient. It was found that an appropriate set of non-dimensional
variables was necessary to develop a high-accuracy MGGP model. The MGGP model developed based
on Melville and Chiew's (1999) non-dimensional variables performed best, outperforming the existing
empirical and mathematical functions for both input data and validating data.
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Chapter 4.  Influence of Dynamic Woody Debris Jam on
Single Bridge Pier Scour and Induced Hydraulic Head

4.1 Introduction

Woody debris from the upstream watershed attached to bridge piers often results in the formation of
woody debris jams. The presence of woody debris jams leads to the reduction of cross-sectional flow area
and strengthens downward flow close to the pier, which enhances the scour process at the base of bridge
piers. This can induce greater scour depth than design guidelines prescribe. In addition, woody debris jams
can also result in an extra load on the bridge such as the impact loads on the piers which occurred in the
initial contact of debris with the pier (Haehnel and Daly 2004; Hasanpour et al. 2021; Stolle et al. 2018) or
on the superstructure (Hasanpour et al. 2022), and the damming load on the superstructure (Istrati et al.
2020; Oudenbroek et al. 2018) in the extreme fluvial events. Thus, the presence of woody debris jams
affects the stability of bridges and threatens their safety. Some documented failure examples were
mentioned in (Pagliara and Carnacina 2011).

Beyond the adverse influence on bridge infrastructure, wood logs or debris play an important role in river
systems. Studies related to woody debris have involved many aspects such as the process of debris entering
the river (Mazzorana et al. 2011; Mazzorana et al. 2009), debris volume estimation (Comiti et al. 2016;
Ruiz-Villanueva et al. 2016; Tonon et al. 2018) and their influence on river morphology (Klaar et al. 2011).
The dynamics of wood debris involve entrainment (Braudrick and Grant 2000), motion (Braudrick et al.
1997), and deposition (Braudrick and Grant 2001) processes. Gravity force, dragging force, and friction
force determine the movement of logs in the river, and critical conditions have been investigated in previous
studies (Bocchiola et al. 2006; Braudrick and Grant 2000; Chen et al. 2019; Crosato et al. 2013; Haga et al.
2002). The transport process of debris was another important issue that determined how far the debris can
travel (Braudrick et al. 1997) and where it might accumulate (Davidson et al. 2015). A debris motion model
was also proposed to describe the transport of woody debris (Persi et al. 2018). In addition, the presence of
debris significantly increased the possibility of bridge failures as clarified by Diehl (Diehl 1997).

Scour is the engineering term for the erosion of bed material caused by water around the base of the
bridge pier (Arneson et al. 2012), and related studies have been going on for several decades. Basing on the
critical shear stress velocity of a given sediment ds, the critical mean velocity could be obtained (Melville
1992), and if U/U, < 1, clear water scour occurs whereas for U/U, > 1, itis live bed scour. In clearwater
scour conditions the spatio-temporal evolution of scour depth continues until it reaches a value independent
of time called the equilibrium scour depth. Kothyari et al. (Kothyari et al. 1992) proposed a mathematical
method to calculate time-dependent scour depth considering the influence of the growth of a vortex on bed
shear stress. This method was further developed for live bed scour (Kothyari et al. 1992), nonuniform
circular piers (Lu et al. 2011), and continual development by modeling the vortex which initiated scour
(Mia and Nago 2003). Yanmaz and Altinbilek (Yanmaz and Altinbilek 1991) employed a sediment
transport model using a sediment pick-up model to derive a mathematical method to predict the temporal
evolution of scour depth. Dey (Dey 1999) and Yanmaz (Yanmaz 2006) continued this idea of using different
sediment pick-up models to develop a new model. Some studies applied this idea to different objects like
bridge abutments (Yanmaz and Kose 2009) or dual bridge piers (Yilmaz et al. 2017).

On the other hand, empirical functions have also been widely used and developed based on experiments
using non-dimensional analysis (Aksoy et al. 2017; Chang et al. 2004; Melville and Chiew 1999; Oliveto
and Hager 2002). As for equilibrium scour depth or maximum scour depth, Melville (Melville 1997)
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investigated the influence of the flow intensity, water depth, sediment size, gradation, and pier shapes on
equilibrium scour depth, and an empirical formula was proposed to predict scour depth. A design method,
HEC-18, proposed by the US Federal Highway Administration (FHWA), is widely used to estimate
maximum scour depth.

Woody debris significantly changes the flow field and causes additional scour depth. The presence of a
woody debris jam obstructs the cross-section of water flow, and the reduction of the flow area leads to an
increase in velocity and downward flow (Lagasse et al. 2010; Pagliara and Carnacina 2013). Melville and
Dongol (1992) applied a model of steady woody debris to investigate its influence on scouring; an effective
diameter of bridge piers was proposed to include the influence of accumulated debris:

0-52ded—(h—0-52hd)Dp
Dgp =
h

(4-1)

where D,,, = the effective width or diameter of the pier; h,; = the height of the woody debris jam from

the bottom of the debris jam to the water surface; w, = the width of the woody debris jam normal to the
flow; h was the approach flow depth; D,, = the width or diameter of the pier without the debris jam.

Lagasse et al. (2010) continued this idea and further investigated the different geometry of debris and
improved the Equation (4-1) to include the influence of the length of debris jam:

_ ahgwa(la/M)P~(h-ahg)D,

Dgp = h

(4-2)

where a = 0.79 for rectangular debris and 0.21 for triangular debris; g = —0.79 for rectangular debris and
—0.17 for triangular debris, = 0 when l;/h < 1; l; = the length of the woody debris jam.

Lagasse et al. (2010) and Pagliara and Carnacina (2011) investigated rectangular, triangular, and
cylindrical shapes of debris accumulation, as well as the roughness and porosity of debris jams (Pagliara
2010) and countermeasures for the scour depth (Pagliara et al. 2010). Their research showed that the
blockage ratio caused by the debris jam mainly determines its impact on scour, and the flow contraction
caused by the debris jam accelerated the scour process and increased the bridge failure possibility.

Furthermore, Pagliara and Carnacina (2011) also considered the effects of the length of the debris jam
on scour depth, and they highlighted the influence of the downstream extension of the debris jam. In
addition, Ebrahimi et al. (2018) used various dimensions of the debris block to investigate its influence on
sharp nose-pier scour. They found that the height of the debris jam determined the effects on scour depth.

2 =1+ x(ha/R)? (4-3)
S0

where dg = the equilibrium scour depth in the presence of a woody debris jam; dg, = the equilibrium
scour depth without the presence of a debris jam; x = 0.32 or 3.2 depending upon the experimental source

data.

A static debris jam, which meant that the debris jam was shaped like a block (rectangular or triangular)
and was quasi-independent of the flow condition, was widely used in the mentioned studies. Static debris
jams might not realistically reflect the characteristics of woody debris jams. Moreover, the dimensions of
debris were assumed constant while the realistic formation of the debris jam normally includes entrainment,
growth, and failure.

A dynamic debris jam, in which the debris jam is formed piece by piece of woody debris and adapted to
flow conditions, can directly reflect the process of formation and characteristics of debris jams. Panici and
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de Almeida (2018) investigated the formation, growth, and failure process of debris jams via dynamic debris
jams. In that study, the debris Froude number was used as the key factor to illustrate the critical dimensions
of woody debris jams. Schalko et al. (2019) also used dynamic woody debris pieces to investigate the
accumulation probability of debris.

Few studies have examined the influence of dynamic woody jams on bridge pier scour. A static debris
jam in the form of a manual debris block cannot properly represent the debris jam formed in reality as it
has no relation to flow conditions and the process of debris formation and growth. In order to bridge this
gap, the present study applied a dynamic debris jam to investigate its influence on single bridge pier scour
in clear water conditions, and the hydraulic head induced by the woody debris jam was also inspected.

4.2 Materials and Methods

4.2.1 Experiment Setup

A comprehensive experimental program was developed to investigate the influence of a dynamic woody
debris jam on a single bridge pier scour. The physical model tests were conducted in a flume in the
Hydraulic Laboratory of the University of Ottawa, Canada. The flume was 30 m in length, 1.5 m in width,
and 0.7 m in depth (Figure 4-1). Two flow straighteners were set up close to the inlet of the water flow to
ensure the uniformity required for the flow. A 0.2 m high false plate was set downstream in the flume and
was used as a test area for the experimental setting.
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Figure 4-1. Experimental setting (not at scale).

A pier with a diameter D,,= 0.09 m was placed in the sand bed at the test area and the ds, for the sand
was 1.16 mm with a gradation o of 1.22. Woody dowels were used to represent woody debris; these were
cut into 30 cm sections with the same diameter of 1.27 cm as Figure 4-2 (a) was shown. In total, 792 woody
pieces were prepared for the tests.
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Figure 4-2. (a) Dowel with length 30 cm and diameter 1.27 cm compared with various diameters dowels
(b) instruments set up (c) location of the highest located endoscopic camera

Various instruments were applied to monitor and record the necessary data for analysis, and the
arrangement of instruments was shown in Figure 2(b). Two HEROS5 Black GoPro cameras
(https://gopro.com/en/us/update/hero5, assessed on 29 September 2022) were set up to capture the
dimensions of the woody debris jam and a Linear model with a sampling rate of 60 fps was applied. One
GoPro camera was fixed at the top of the flume at a height of 1.74 m above the sand bed while the other
one was placed underwater in a transversal direction near the sidewall from upstream of the pier. Three
endoscope cameras (5.0 MP USB Endoscope, NIDAGE 50FT Inspection Camera) were used and set inside
the bridge pier as Figure 2(c) was shown, and the sampling rate of 20 fps with an image size of 2592x1944.
One endoscope camera was installed at the top and positioned near the water surface of each test while the
other two endoscope cameras were placed at an angle to obtain a wider view with one of the heights of
about 5 cm above the sand bed and another one of 6 cm below the sand bed to capture the scour depth. A
ruler was installed along the center line inside of the pier to facilitate observing the vertical development of
the scour hole close to the pier. In addition, two MassaSonic PulStar ultrasonic distance sensors
(' https://www.massa.com/industrial/ultrasonic-sensors/pulstar, assessed on 29 September 2022 ) were
applied to record the time history of the water level around the woody debris jam with a sampling rate of 5
Hz. One was fixed upstream of the pier at a distance of 0.5 m close to the centerline, and another one was
fixed at 0.2 m behind the pier. A Vectrino Acoustic Doppler velocimeter (ADV)
(https://www.nortekgroup.com/products, assessed on 29 September 2022) was applied to measure the
vertical distribution of velocity at 0.7 m upstream of the pier. Each ADV point measurement had a duration
of 2 min with a sampling rate of 100 Hz. A filter developed by Rennie and Hay (2010) (Rennie and Hay