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Abstract

We carried out a series small- and large-scale experiments at Lehigh University and the Outdoor
StreamLab (OSL) of University of Minnesota, respectively, to obtain datasets for maximum scour depth
at the base of longitudinal walls. These datasets are used to validate the coupled flow and
morphodynamics model of Virtual Flow Simulator (VFS-Rivers). The dataset of the small-scale
experiments, which contains 64 data points, is employed to present an empirical relationship for
maximum scour depth due to local scour near the leading edge of longitudinal walls with different bank
and wall configurations. The validated numerical model is run for more than 20 test cases to obtain more
data for the maximum scour depth in the large-scale meandering rivers due to general scour. Combining
the maximum scour data from large-scale experiments at the OSL (four data points) and numerical
simulations (20 data points), we obtained a dataset that was used to produce another empirical
relationship to estimate the maximum scour depth at the base of longitudinal walls due to general scour in
meandering rivers. The maximum scour depths obtained from the two presented equations can be linearly
added to give the total maximum scour depth at the base of longitudinal walls in meandering rivers. The
presented equations are valid within a specific range of data for sediment material, flow field, and
waterway characteristics.



Executive Summary

The current state-of-the-art for the scour depth prediction near longitudinal walls is be limited to two
empirical equations, which are obtained from a limited number of experimental and field data. These
existing methods of prediction do not take into account some important properties of flow, sediment and
waterway geometry, including, for instance: median grain size of sediment material, mean-flow depth and
velocity, and sinuosity of meandering rivers.

To fill the gap and develop a more comprehensive relationship for estimating the total scour depth at the
base of longitudinal walls, we carried out a series of experimental (large- and small-scale) and numerical
investigations encompassing most of the important characteristics of the sediment, flow and waterway
geometry. In these investigations, we studied the effect of turbulence, sediment material, roughness of the
structures, and river geometry on the scour depth at the base of longitudinal walls.

A series of small-scale laboratory experiments were conducted at Lehigh University to produce 64 data
points for the local scour depth occurring at the leading edge of longitudinal walls. Based on these data
points, we obtained a relationship for estimating the maximum scour depth in the vicinity of longitudinal
walls due to local scour process. This dataset was also used to validate the numerical model.

A series of large-scale experiments were also carried out at the Outdoor StreamLab of St. Anthony Falls
Laboratory at the University of Minnesota to produce large-scale physical data for the validations of
numerical model. The large-scale experiment data (four data points) were also combined with 20 data
points obtained from numerical simulations to develop a relationship for estimating the maximum scour
depth at the base of longitudinal walls due to general scour.

The total maximum scour depth at the base of longitudinal walls is considered to be a linear combination
of local and general scours. Thus, the scour depth values obtained from the two equations for the local
and general scours, respectively, can be linearly combined to obtain the total maximum scour depth at the
base of longitudinal walls in meandering waterways.



1 Introduction

Longitudinal walls are widely used to enhance the slope stability of earth material and protect bridge
abutments and other longitudinal structures that encroach into waterways. When installed at riverbanks,
their base becomes subject to erosion due to the action of water. Even partial exposure of the foundation
may result in the failure of the longitudinal wall. Thus, longitudinal walls on the river banks require to be
protected against scour that can lead to structure undermining and failure by designing and installing
countermeasures to mitigate erosion along the face and/or at the bottom of the structure. In meandering
rivers flowing through urban areas or along roadways, retaining walls are commonly used as a
countermeasure to prevent streambank erosion (HEC-20). Such longitudinal countermeasures include
vertical and/or sloping walls that are constructed of rocks, cable-tied blocks, geo-bags, steel sheet pile,
etc. (Martin-Vide et al. 2011). These walls generally form a vertical or sloping surface where scour takes
place with the purpose of withstanding high shear stresses encountered during high flow events. The
presence of the longitudinal structure provides an armoring layer that protects underlying bed material
from being eroded (Lagasse et al. 2004).

A critical component missing from the design, installation, and monitoring of these structures is the
ability to accurately determine the maximum depth of scour along the base of the retaining wall or
longitudinal structure to ensure that their foundations are set at elevations below maximum expected
scour depths, thereby preventing failure due to undermining. Therefore, to date, the maximum scour
depth along the base of retaining wall structures and longitudinal walls is either not considered or
estimates are made based on unreliable “rule-of-thumb” guidance. For instance, the most commonly
utilized relation to compute the local scour depth around vertical and sloping longitudinal walls is an
analytical-empirical equation employed in HEC-18 and HEC-23 in which the scour depth at the base of
longitudinal walls is related to the flow depth, Froude number and the angle that flow impinges on the
wall (HEC-23).

Due to the lack of a unified and reliable guideline to calculate the scour depth along the base of a
longitudinal structure, some practitioners utilize the general (contraction) scour relation of abutment
design to provide an order-of-magnitude estimate of potential scour. Scour along the base of such
longitudinal structures is a result of a combination of processes including: (1) general scour caused by the
3D curvature effect of meandering; and, (2) local scour due to the presence of the complex large-scale
energetic coherent structures at the leading edge of the retaining wall and/or around larger rocks
occasionally used in constructing the wall.

Scour depth prediction at the base of longitudinal walls becomes even more intricate considering the fact
that maximum scour events often occur during peak flood stage when field observations are both difficult
and dangerous, and the resulting scour holes may be partially or completely filled during the recession
of the passing flood (HEC-18). This process results in maximum scour depths often going unobserved
without a costly and potentially dangerous effort. Some of the typical engineering approaches used today
(mainly by geotechnical engineers) is to estimate the scour depth based on empirical guidance to ensure
that maximum scour depths do not reach the base of the longitudinal structure to avoid failure. For
instance, it is recommended that for walls constructed along rivers and streams where the depth of scour
has been determined, a minimum embedment of 0.6 m below this depth should be considered as the
foundation level (HEC-23).



Figure 2. lllustration of overturning and structure failure of a retaining wall due to scour along the base.

Development of a set of reliable and comprehensive relationship to accurately predict the maximum scour
depth at the base of longitudinal walls in rivers and waterways is therefore essential. In order to develop
such relationship, one needs, however, to take into account all of the effective parameters including
turbulent flow, sediment, and waterway characteristics. It is also critical to understand the complex
environments and dynamic interaction between the hydrodynamic and geomorphic systems in the vicinity
of the longitudinal walls. Current guidelines detailed in HEC-23 are often challenged and considered
excessively conservative and lack many of the effective parameters including the soil characteristics, wall
roughness and slope, flow discharge, and meander characteristics.

An adequate relationship for predicting maximum scour must take into account both local and general
scour processes. Local scour along the base of longitudinal walls occurs either under clear water
conditions (i.e. no active sediment transport from upstream into the scour zone) or live bed conditions (i.e.
active sediment transport from upstream). Local scour can also result from the acceleration of the flow
around the wall leading edge and along the base of the longitudinal structure, the roughness transition
imposed by the presence of the wall, and the generation of large-scale energetic vortices shed from the
wall. Additionally, longitudinal walls installed along both inner and outer banks throughout meandering
rivers may also experience significant scour and deposition along the meander wave length. This
phenomenon, known as general scour, occurs along the base of the longitudinal walls, increasing the risk
of structure failure. During flooding events, the hydrodynamic processes accelerate these local and
general scour mechanisms and endanger the structural integrity of retaining wall structures by reducing
the passive resistance and overall bearing capacity of the foundations (Fig. 1) (HEC-23).

Abrupt change in river-bank roughness and stepped transitions at the leading edge of the retaining walls
or longitudinal structures can introduce complex large-scale energetic coherent structures in the
surrounding flow environments. The vortices give rise to complex sediment transport phenomena and
scouring dynamics originating at the exposed upstream edge of the structure. This means that one needs
to take into account the effective roughness height of the longitudinal walls in order to predict the local
and general scour at the base of these structures.

We employ a set of science-based predictive engineering tools to develop two relationships for predicting
the maximum scour depth at the base of longitudinal walls by considering most of the effective flow,
sediment, and waterway parameters, including: sediment particle median grain size, mean-flow velocity,
mean-flow depth, angle of installation, effective roughness of longitudinal walls, and sinuosity of the
waterway. We develop two separate equations. One equation is developed based on our indoor flume
experiments at Lehigh University to represent the maximum scour depth at the leading edge of the
longitudinal wall due to local scour. The other equation is developed base on the numerical simulation
and Outdoor StreamLab (OSL) of St. Anthony Falls Laboratory (SAFL) data to represent the maximum
scour depth at the base of the longitudinal wall due to general scour process. A linear combination of the
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two maximum scour depths yields the total scour depth at the base of longitudinal walls. Use of the two
equations in this study will ensure that engineering standards remain at a high level while minimizing the
economic impact of design, installation, monitoring, and maintenance of retaining walls and other
longitudinal structures.

2 Background

Scour along the base of longitudinal structures has been a growing focal point in many engineering
practices. Most practitioners are well aware of the paucity of suitable design guidelines that can be used to
prevent and halt scour development along major embankments and retaining walls. Because literature in
this sector is very limited, many structures are designed by empirical methods and are based on previous
experiences rather than well founded and tested engineering techniques.

At the beginning of this study, we identified and evaluated the scour prediction guidelines that are
currently used by practitioners. By determining the effectiveness of these guidelines and identifying the
potential gaps, the research plan for the development of successful scour prediction methodologies in this
study was refined and finalized.

Among the limited number of studies (see, e.g., Carriaga (2000), Davies and Carriaga (2001), Anderson
and Williams (2002), Kearney and Gloonan (2005), Martin-Vide (2010), McKelvey (2011), Gir6 and
Schleiss (2012)), the HEC-23 manual, which is provided by the Federal Highway Administration,
contains the most popular guidelines for engineers and practitioners in the field. More specifically,
HEC-23 provides guidance for engineers through the design and monitoring process to determine depth of
scour at the base of longitudinal retaining walls. The guidelines for predicting local scour depths are
resulted from analytical simplifications to evaluate potential scour along a vertical wall (HEC-23). In this
simple formula, the depth of maximum scour (H;) is related to the mean flow depth (H), Froude number
(Fr), and the angle between the impinging flow direction and the vertical wall («) as follows:

Hg/H = (0.73 + 0.14nE?)Cosa + 4E°33Sina (1)

in which a varies from 0 to 90 degrees for flow parallel and perpendicular to the side wall, respectively.
Other references, such as the “Handbook of Geotechnical Investigation and Design Tables” (Look, 2007),
suggest that the minimum embedment for retaining walls should be 20% of their height, without
explicitly stating whether this guideline incorporates the effect of scouring or not.

Maynord (1996) presented an empirical method for determining scour depths on a typical bend with sand
bed materials. Maynord’s method of estimating scour depth is based on a regression analysis of 215 data
points extracted from laboratory investigations and field observations with return period of one to five
years. Maximum scour depth at the base of a retaining wall as defined in Maynord’s best-fit equation for
scour depth estimation is a function of mean-flow depth (H), radius of curvature to width ratio (R./W),
and width to depth ratio (W/H), which reads as follows:

(H+ Hy)/H = 1.8 — 0.051(R;/H) + 0.0084(W /H) (2)

It is noteworthy to mention that the correlation coefficient of this proposed equation is relatively low
(r’=0.49). In a separate study by Zimmerman (1997), it is noted that Eq. (2) does not take into account
critical parameters such as the flow velocity and the size of sediment materials. In his closure, Maynord
(1997) acknowledged the need for more elaborate, physics-based studies of the phenomenon that could
provide more accurate descriptions and estimates of the scour compared to the purely empirical
derivations.



We also note that both Eq. (1) and (2) are applicable for clear-water scour conditions. For live-bed
conditions, HEC-23 suggests that the maximum scour depth caused by bedforms should be added to these
calculated scour depths (HEC-23). It can be clearly seen that current relationships for predicting the scour
depth (e.g. Egs. (1) and (2)) suffer from the lack of important influential parameters including flow
velocity, sediment material cohesiveness, meander characteristics, retaining wall slope, and wall
roughness.

To identify the most common practices in scour prediction and provide useful insight on the scour
phenomenon at the base of longitudinal structures, we also designed a comprehensive survey to document
the current-state-of-practice used by engineers and practitioners dealing with longitudinal structures.
Responders and interviewees in this survey include engineers and practitioners from all the State
Departments of Transportation (DOTs), a few private companies and several state and federal
organizations, such as the US Forest Service (USFS), Departments of Natural Resources (DNRS),
Departments of Environmental Quality/Protection (DEQs/DEPs), the US Geological Survey (USGS) and
the US Army Corps of Engineers (USACE).

The major findings of the survey confirmed our findings from literature review regarding the need to (a)
better understand the scour mechanisms at the base of the retaining walls and (b) develop a set of
comprehensive relationships for estimating scour depth at the base of longitudinal walls. These finding
are summarized as follows: (1) current methods to design longitudinal structures and evaluate scour are
sparse, general, and untested; (2) practitioners reported longitudinal structure failure due to excessive
scour; (3) scour countermeasure use was based on practitioner preference; (4) current longitudinal
structure guidelines were considered inadequate by practitioners because they were too general and do not
include “soil” conditions; (5) HEC-23 was the most used design methodology, often combined with a
supplemental method (HEC-18, and local methods); (6) longitudinal structure effectiveness is dependent
on site-specific characteristics; (7) practitioners recommended research that incorporates longitudinal
structure roughness and sediment material characteristics.

Given the enormous challenges of predicting the maximum scour depth along the base of longitudinal
walls, it is the basic premise of this study that major advances need to be made in our ability to predict
scour depths along the base of longitudinal wall structures. In this study, we employ an innovative
research approach that integrates experiments across a range of scales with state-of-the-art numerical
simulations to produce adequate humber of data point for developing a set of equations to estimate the
maximum scour depth at the base of longitudinal walls.

3 Research Approach

Our research approach uses a combination of innovative physics-based state-of-the-art computational
methods and multi-scale experimental datasets to investigate the complex relationships between total
scour at the base of longitudinal walls and other critical parameters such as flow, sediment material, and
waterway characteristics. To accomplish this goal, we couple an in-depth literature assessment and survey
of the needs and scour research challenges (Appendices A and B) with a comprehensive study of scour
processes using field-scale experiments (Appendix C), indoor laboratory experiments (Appendix D), and
numerical simulations (Appendix E).

The indoor flume experiments at Lehigh University are used to investigate scour at the leading edge of
longitudinal structures due to local scour. These experimental data are also used to validate the numerical
model (Appendix E).



The OSL experiments at SAFL are carried out to produce data points for numerical model validations
(Appendix E). These data are also combined with the numerical simulations data to develop an equation
for maximum scour depth at the base of the longitudinal walls due to general scour.

4 Compilation of Experimental and Numerical Results to Develop Scour
Relations

The results obtained from small-scale indoor experiments, listed in Table 2 of Appendix D, are used to
develop an empirical relationship for estimating the maximum scour depth in the vicinity of a retaining
wall due to local scour. It is found that in all experiments the maximum scour depth occurs near the
leading edge of the wall, which is due to the abrupt contraction from the channel bank to the vertical wall
(see Fig. 2). The abrupt contraction results in pronounced local flow separation and intense vorticity. The
formulation presented here will provide practitioners with a scour evaluation methodology at the base of
the leading edge of longitudinal walls, especially during flood conditions. The analysis below provides
significant improvement for the case of scour near the base of longitudinal retaining walls, currently not
available in the literature. Fig. 2 shows a schematic of the area near the leading edge of the retaining wall
in the flume experiments at Lehigh.

Retaining wall
. . / v

-V

Channel bank

Gravel bed

Figure 2. Schematic of cross-section at the transition from a sloping bank to rectangular section within the
retaining wall area. Flow direction out of the paper.

Considering dimensional analysis, the maximum scour depth due to local scour (Hy) can be written as a
function of other independent dimensional variables. One possible set of such variables is included in Eq.

@):
Hsl = f(H, dSO: U' 6’,g, U'R) (3)

where H is the mean-flow depth, ds, median grain size of the sediment material, U is the mean-flow
velocity, @ is the bank slope (shown in Fig. 2), g is the acceleration of gravity,v is the kinematic
viscosity of water, and R = (o, — p)/p is submerged specific density; where p_ is the density of
sediment and p is the density of water). By selecting ds, and g as the repeating variables, and following
standard dimensional analysis procedures, Eq. (3) can be recast in terms of dimensionless parameters in
the following way:

Hg/dso = f (H/dso,Frq,0,Rep, R) (4)



Where Re, is particle Reynolds number (=Udso/v) and Fry = U//gds, is the “grain-size Froude
number”. Re,, is not as important for a fully rough boundary, where the friction factor (and critical Shields

stress) becomes independent of particle Reynolds number. Additionally, for natural rivers, R is
approximately constant. Therefore, Eq. (4) can be reduced to:

Hg/dso = f (H/dsg,Fry, 0) (5)

This analysis is limited to non-cohesive bed material. Using all 64 data points (Table 2 in Appendix D)
obtained from the experiments, and employing forward multiple regression analysis, the following
expression is obtained:

Hg/dso = 0'0178(H/d50)1'24(COt(@))lSZSFT“%'lOS ©)

This equation has a goodness of fit r* = 0.63 and covers considerable range of bank slopes (28° < 8<70°),
bed slopes (0.09 <S < 0.6%), relative roughness values (17.9 < H/ds, < 62.5) and grain size Froude
number (1.59 < Fr < 3.89).

Figure 3 depicts the best-fit curve between the measured values of scour depth due to local scour and the
combination of independent variables with the exponents obtained from the multiple regression analysis.
All the variables in the model were statistically significant, the p-value of the exponents were less than
0.005.

100

® d5o=3.6 mm, theta =28 deg Be _ 176 10-2 co23250 F 1.103( ” )124
X ds0=75.5 mm, theta = 28 deg P = Td B

ds0=7.6 mm, theta = 28 deg
dsp=3.6 mm, theta =35 deg
e d5o=7.6 mm, theta = 35 deg
m d5gp=5.5mm, theta =35deg
e d5o=3.6 mm, theta = 45 deg
10 >dgg=5.5 mm, theta =45 deg

Hs/dSO

+ds5o=3.6 mm, theta =70 deg

—Fitting equation

10 100 1000 10000

H \124
cot1:325¢ Fr}108 (_)
dso

Figure 3. Regression equation to estimate maximum scour depth due to local scour at the leading edge of
the retaining wall.



The results obtained from large-scale physical modeling in the Outdoor StreamLab of SAFL (four data
points) (Appendix C) are combined with the numerical simulations results (20 data points) (Appendix E)
to develop an empirical relationship for estimating the maximum scour depth at the base of longitudinal
walls due to general scour. It is found that for most cases the maximum scour depth due to general scour
occurs near the mid-length of the longitudinal walls.

Similar to the analysis for the local scour data, via dimensional analysis, parameters influencing the
maximum scour depth due to general scour along the length of the walls are as follows:

Hsg = f(dso, U, H,S, A, A, Q, 9, ks, ) (7)

where Hgg is the maximum scour depth due to general scour, S is the channel bed slope, 4,, is the
wavelength of the meander bend, A,, is the amplitude of the meander bend, Q is the flow discharge, k; is
the effective roughness height on the longitudinal wall, and  is the angle of installation of the
longitudinal wall (Fig. 4). Angle of installation, , is the angle that longitudinal wall makes with the
tangent to the river bank at its apex. Therefore, y for a straight channel is zero.

Effective roughness height is measured as the mean of intrusion length of roughness elements into the
channel. For instance, assume that a longitudinal wall is constructed using rock structures. If the average
intrusion length of rocks into the channel is 10 cm, then kg will be 10 cm, as well.

Figure 4. Schematic of a meander bend showing the installation angles (y) of the longitudinal wall,
wavelength (4,,,), arc-length (1) and amplitude (4,,,) of the meander.

The maximum scour depth due to general scour can be best found if scaled with ds, (which, in this study,
varies between 0.1 mm to 32 mm) (see Table 2 of Appendix E). The characteristics of a meander bend
can also be best expressed via its sinuosity (s)(= 4,,/4), which is a function of 4,, and 1 (see Fig. 4).
Therefore, Eq. (7) in its non-dimensional form can be rewritten to obtain:

Hgq/dso = f(Fr,Frg, tan (¥),s, ks/H) (8)

We analyzed numerous methods to best represent the bulk of these data in one empirical relationship (see
Fig. 5) and found that the following equation provides the best overlap:

1/10

Hyg/dso = 1909 (Fr s 9)710/% 4 2 Fry — 2 e(ks/1) 9)

in which 9 for the gravel (G) and sand (S) bed rivers (for more details on the two G and S rivers see
Appendix E) is defined in Egs. (10) and (11), respectively:



9 = Max{150, (tan) "%} (10)
9 = Max{100, (tan) "%} (12)

Equation (9) has a correlation coefficient of r* = 0.821 with the following important limitations:
1- Itis only applicable for rivers and streams with non-cohesive material;

2- It is developed for rivers under bankfull flow conditions and thus use of this equation for
base-flow condition can result in misleading predictions;

3- It is best applicable for the rivers that have geometry, flow, and sediment characteristics
within the range of the rivers we studied in this project (see Table 2 of Appendix E);

4- Scour hole due to the intrusion of the upstream edge of the longitudinal wall is not
considered in obtaining the dataset for developing Eq. (9) and such scour depth needs to
be determined based on the small-scale laboratory experiments (Eq. 6 );

Hence, we propose the use of Eq. (9) as a formula to calculate the maximum scour depth at the base of
longitudinal walls in meandering rivers due to general scour process. To avoid misleading predictions, it
is important, however, that the four abovementioned limitations to be considered. A linear combination of
the two scour depths obtained from Eqgs. 6 and 9 can obtain a conservative value for the maximum scour
depth (H,) at the base of longitudinal walls:

H,=Hg + Hsg (12)
S 104
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Figure 5. Maximum scour depth data obtained from large-scale experiments (hollow circles) and
numerical simulations (bold circles) for general scour and the regression equation overlapping the data
points (dashed-line). r* of the regression is 0.821.
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Appendix A

State of the Art Review

A.1l Introduction

Retaining walls are widely used to enhance the slope st