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Abstract
A series of small- and large-scale experiments and numerical simulations were carried 
out to produce datasets for maximum scour depth at the base of longitudinal structures. 
The small-scale experimental datasets were employed to develop an empirical relationship 
for predicting maximum local scour depth. The measured datasets for scour patterns and 
depths were used to validate the accuracy of our morphodynamics model, the Virtual Flow 
Simulator (VFS-Geophysics). The large-scale experimental measurements and numeri-
cal simulations lead to the development of another empirical relationship to estimate the 
maximum general scour depth near the longitudinal structures in large-scale meandering 
streams/rivers. The premise of this study is that the maximum scour depths obtained from 
the two equations can be used independently to represent local and general scour at the 
base of longitudinal walls in meandering rivers. However, for a more conservative pre-
diction, the two can be linearly summed up to obtain a total maximum scour depth. The 
presented correlations illustrate regression goodness of r2 = 0.63 and 0.82 for the maximum 
local and general scour depth equations, respectively. Nonetheless, the developed equations 
are valid within a specific range of parameter for the sediment material, flow field, and 
waterway characteristics.

Keywords  Longitudinal wall · Sediment transport · Scour depth · Numerical modeling · 
Experimental modeling

1  Introduction

Longitudinal structures, such as retaining walls, are widely used to enhance the slope sta-
bility of earth material, to protect bridge abutments and other longitudinal structures that 
encroach into waterways [8, 29, 30]. In meandering rivers flowing through urban areas or 
along roadways, longitudinal walls are commonly used as a countermeasure to prevent 
streambank erosion [13]. Characteristic structures include vertical and/or sloping walls that 
are constructed of rocks, cable-tied blocks, geo-bags or steel sheet pile [28, 32]. When 
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installed at a riverbank, however, the base of a longitudinal wall itself is subjected to ero-
sion by turbulent flow, resulting in exposure of its foundation. Full or partial exposure of 
the foundation can result in the failure of the structure. Thus, longitudinal walls need to be 
designed in a way that they are protected against scour. Yet, a critical component missing 
from the proper design and installation of longitudinal walls is the ability to predict accu-
rately the maximum depth of scour along the base of the longitudinal wall.

To date, the maximum scour depth along the base of longitudinal wall structures is esti-
mated based on unreliable rule-of-thumb guidance. Among the limited number of studies 
(see, e.g., [1, 6, 9, 31]), the most commonly utilized relation to compute the local scour 
depth around vertical and sloping longitudinal walls is an analytical-empirical formula 
employed in [13] and [14]. This formula resulted from analytical simplifications to evalu-
ate potential scour along a vertical wall [14]. It relates the maximum scour depth ( Hs ) to 
the mean-flow depth (H), Froude number ( Fr ), and the angle ( � ) between the impinging 
flow direction and the vertical wall, also known as approach angle or angle of attack, as 
follows:

where � varies from 0° to 90° for flow parallel and perpendicular to the longitudinal wall, 
respectively. Maynord [33] 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 1–5 years [33]. Maximum scour depth at the 
base of a longitudinal wall as defined in Maynord’s best-fit formula for scour depth esti-
mation is a function of channel aspect ratio ( W∕H ), radius of river curvature ( Rc ) to river 
width ( W ) as follows:

It is important to mention that Eq.  (2) does not take into account critical parameters 
such as the flow velocity and the size of sediment materials and its correlation coefficient 
is r2 = 0.49 . Additionally, Maynord [34] acknowledged the need for more elaborative and 
physics-based studies of the phenomenon that could provide more accurate descriptions 
and estimates of the scour compared to the purely empirical derivations [34]. We note that 
both Eqs. (1) and (2) are limited to clear-water scour conditions. For live-bed conditions, 
HEC-23 [14] suggests that the maximum scour depth caused by bedforms should be added 
to these calculated scour depths.

The lack of unified and reliable guidelines to estimate the scour depth along the base of 
longitudinal structures has led practitioners to utilize the contraction scour relation of abut-
ment design to provide a rough estimation of maximum scour depth. Scour along the base 
of such longitudinal structures is the result of a combination of multiple processes includ-
ing: (1) general scour that is the lowering of the bed elevation of channels due to the action 
of turbulent flow induced by the 3D topological characteristics; i.e., channel curvature (in 
planform) and its changes, or changes in channel width (contraction/expansion); and (2) 
local scour due to the presence of the high-energy turbulence and locally increased shear 
stress at the leading edge of the longitudinal 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 stages when field observations are both difficult and 
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dangerous, and the resulting scour holes may be partially or completely filled during the 
recession of the passing floods [12]. 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 experts, 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 0.6m below this depth should be considered as the foundation 
level [14].

Hence, it is evident that the development of reliable and comprehensive relationships to 
predict accurately the maximum scour depth at the base of longitudinal walls in rivers and 
waterways is essential. To this end, one needs to take into account all the effective param-
eters including turbulent flow dynamics, sediment transport, and waterway characteristics. 
It is also critical to understand the complex environments and dynamic interaction between 
the hydrodynamic and geomorphic systems near the longitudinal walls. Current guidelines, 
detailed in HEC-23 [14], are often considered excessively conservative; lacking many of 
the effective parameters including the soil characteristics, wall roughness and slope, flow 
discharge, and meander characteristics [6, 9, 31, 32]. An adequate relationship for maxi-
mum scour prediction must take into account both local and general scour processes.

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 general scour and deposition along the 
meander wave length—due to effects of channel curvature and/or channel width variation 
as a results of longitudinal wall installation along the bends. The combination of the two 
scour processes, local and general, can significantly increase the risk of structure failure. 
During flooding events, the hydrodynamic processes accelerate these local and general 
scour mechanisms and endanger the structural integrity of longitudinal wall structures by 
reducing the passive resistance and overall bearing capacity of the foundations (Fig.  1). 
Abrupt changes in river-bank roughness and stepped transitions at the leading edge of the 
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 struc-
ture. Thus, the effective roughness height of the longitudinal walls is a crucial parameter 
for accurate estimation of local and general scour at the base of these structures.

Fig. 1   Schematic of a longitudinal wall before (a) and after scour at the base (b), which can lead to the fail-
ure of the structure. Flow is perpendicular to the plane of the picture
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In this study, we present measurements obtained from laboratory experiments and high-
fidelity numerical simulations to develop regression equations for predicting maximum 
scour depth at the base of longitudinal walls. These equations consider most of the effec-
tive flow, sediment, and waterway parameters, including: sediment particle median grain 
size, mean-flow velocity, mean-flow depth, angle of installation, effective roughness of lon-
gitudinal walls, channel sinuosity and bank slope [38]. We develop two separate equations 
relevant to the maximum scour depth due to local and general scour processes. One equa-
tion is developed based on our indoor flume experimental data to represent the maximum 
scour depth at the leading edge of longitudinal walls due to local scour. The other equation 
is developed based on data obtained from (1) parametric numerical simulations using our 
in-house code, the Virtual Flow Simulator (VFS-Geophysics) and (2) experimental tests 
at the Outdoor StreamLab (OSL) of St. Anthony Falls Laboratory [22] to represent the 
maximum scour depth at the base of longitudinal walls due to general scour process. The 
numerical and experimental large-scale tests account for the effects of the river topologi-
cal characteristics and the structure-induced channel contraction on the maximum scour 
depth along the base of the longitudinal walls. We hypothesize that a linear summation 
of the two maximum scour depths, using the equations proposed in this work, yields a 
overly conservative value for the total scour depth at the base of longitudinal walls. This 
is mainly because the two scours (general and local) take place at different locations along 
the length of longitudinal walls. Utilization of the proposed equations to estimate the scour 
depths associated with each of the two scour processes enables fast and low-cost assess-
ment of maximum scour depth at different locations along these longitudinal structures, 
while making sure that the engineering standards remain at a high level. Our approach also 
contributes in minimization of the economic impact of design, installation, monitoring and 
maintenance of the structures.

This paper is organized as follows. First, we present the small-scale experiments. Then, 
the large-scale experimental tests at the OSL will be presented and followed by the numeri-
cal simulations of large-scale test cases. Subsequently, we present the proposed equations 
for local and general scour depth prediction at the base of longitudinal walls. Finally, we 
summarized the findings of this work. “Appendices 1 and 2” describe the governing equa-
tions and validation of the numerical model, respectively.

2 � Small‑scale experiments

The small-scale experiments were conducted in a 15m long, 1.2m wide and 0.6m deep 
recirculating tilting flume, located at the Imbt Hydraulic Laboratory of Lehigh University. 
The reference channel bed, used in most of the experiments, was covered with a 0.1m thick 
layer of gravel with d50 = 3.6mm and d90 = 6.0mm . The geometric standard deviation 
( �g =

√
d84

d16
 ) and the angle of repose of the bed material, measured via fixed funnel 

method, were 1.53 and 36°, respectively. To examine the effect of sediment size on the 
maximum scour depth at the equilibrium state, coarser bed material with d50 of 5.5mm and 
7.6mm were utilized in some of the experiments. Figure 2a depicts the grain size distribu-
tion of the bed materials used in the present work. It should be noted that the bed material 
shape was predominantly sub-rounded with less than 5% platy particles.

A model retaining wall structure, made of Plexiglas, was installed 10.2 m downstream 
of the channel inlet. It was sufficiently long (1 m) to render the local scour/deposition pro-
cesses independent of the structure dimension. Furthermore, the upstream channel section 
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provided sufficient length to allow the approach flow to attain a fully developed condi-
tion before it reached the test area. This was verified by collecting several velocity profiles 
along the channel centerline using an acoustic Doppler velocimetry (ADV). Hollow glass 
spheres with a mean diameter of 10 μm were used as seeding material to enhance the sig-
nal to noise ratio. The experiments were conducted in the presence of only one channel 
bank. It was installed on the right side of the flume where the retaining wall was mounted 
(Fig. 3). Bank angles of θ = 28°, 35°, 45°, and 70° were considered in the present work. For 
θ = 28° and 35° the bank material was identical to the reference channel bed. For the larger 
bank angles, however, wooden boards were employed. The local degree of contraction due 
to the presence of the retaining wall was kept < 20% to ensure that scour due to contraction 
is minimized [2, 5]. More specifically it ranged between 13.3 and 19.2% for θ = 28°; 11.4% 
and 15.6% θ = 35°; 8.7% and 12% for θ = 45°; and about 4% for θ = 70°.

The experimental flow conditions were designed following two main criteria: (1) clear-
water scour condition and (2) subcritical flow with a Fr number at or below 0.5 . The latter 

Fig. 2   Grain size distribution 
of the bed materials used in 
the small-scale experiment (a). 
Temporal evolution of maximum 
scour depth at the base of the 
retaining wall during a prelimi-
nary experiment (b)

Fig. 3   The small-scale experimental flume (a) and a sketch of the sloped side-bank with longitudinal wall 
(b). The maximum local scour depth Hs is measured after each test. In b, flow is in the out-of-plane direc-
tion
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criterion was intended to reproduce conditions that are typical of those encountered in the 
field. To satisfy the former criterion, the flow parameters for each experiment were selected 
to produce near threshold of motion conditions in the upstream section of the flume. This 
was mainly guided by the critical value of the Shields stress parameter ( �∗ = HS

Rd50
 , where S 

is channel bed slope, and R =
(
�s − �

)
∕� is submerged specific density), and visual inspec-

tion to ensure existence of very sporadic movement of particles upstream of the test sec-
tion. For each experiment, first, the flume was gently filled with water to avoid a significant 
disturbance of the initial channel topography. Then, the tailgate was lowered and the flow 
rate was slowly increased to reach the desired value. The run time for each experiment was 
2.5 h. The selection of this duration was guided by preliminary experiments, which exhib-
ited minor changes in the depth and geometry of the scour hole for a period longer than 
2.5 h. Figure 2b depicts the temporal evolution of maximum scour depth at the base of the 
retaining wall during a preliminary experiment. Previous studies also support the notion 
that local scour develops very rapidly and most of the erosion occurs during the initial 
stages of the experiment [4, 43]. Therefore, the run time adopted for the present experi-
ments was deemed sufficiently long to represent equilibrium scour conditions. Upon com-
pletion of each experiment, the flume was slowly drained, and the maximum scour depth 
was measured using a point gauge with an accuracy of ± 0.01mm.

Overall, 64 experimental tests were performed under varying flow conditions to record 
the maximum scour depth at the base of the longitudinal wall at the equilibrium condition. 
The range of various variables is reported in Table 1. Further details about the small-scale 
experiments can be found in [38].

3 � Large‑scale experiments

Large-scale experiments to quantify scour at the base of longitudinal structures were con-
ducted in the OSL. The goal of these experiments was to examine the effect of wall angle, 
also known as approach angle, and wall roughness on scour at the base of a vertical longi-
tudinal wall in a meandering channel. The OSL is a field-scale experimental facility with 
the ability to independently control flow and sediment feed (Fig.  4a). This arrangement 
facilitates examination of flow and sediment transport phenomena under well-controlled 
conditions with channel’s geometrical characteristics resembling those typically encoun-
tered in the field. The experimental test section is located within the middle meander bend 
of the mobile-bed channel with a median grain size of 0.7 mm and a sinuosity of s̃ = 1.3 . 
OSL is equipped with a high-resolution data acquisition (DAQ) carriage—specifically 
designed for it. The DAQ carriage enables the precise positioning of instrumentation in 

Table 1   Range of variables in the 
small-scale experiments

d50 is the median gran size of bed material, � is the angle of sloped 
right-bank, S is the slope of channel bed, H is the mean-flow water 
depth, Ub is the mean-flow velocity, �∗

cr
 is the critical Shields stress 

parameter, and Hs is the maximum scour depth around the model of 
longitudinal wall in the flume

Range d50 (mm) � (◦) S (%) H (m) Ub (ms−1) �∗ Hs (m)

Minimum 3.6 35 0.02 0.13 0.36 0.01 0.015
Maximum 7.6 70 0.4 0.21 0.73 0.12 0.1
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all three dimensions. An ultrasonic transducer was used to record water surface elevations, 
while the bed topography was measured using a subaqueous sonar. Both of the two instru-
ments were installed on the DAQ carriage. Water discharge and sediment feed measure-
ments were monitored at the inlet.

Prior to the installation of longitudinal walls, we ran a baseline experiment (starting 
from flatbed) to document the flow and bed topography of the OSL (without longitudi-
nal wall). Subsequently, four experimental runs were conducted in the OSL to investigate 
(1) two different longitudinal wall roughness characteristics and (2) two different approach 
angles. Starting from flat sediment bed (see Fig. 10), all test cases and the baseline case 
were run under bankfull flow condition with volumetric flow rate, mean-flow depth, and 
bulk velocity of 0.28m3∕s , ∼ 0.3m , and ∼ 0.32m/s , respectively, obtaining a Reynolds 
number of Re = 95 × 103 and Froude number of Fr = 0.19 . For each case, the cross-sec-
tional topography of the OSL around the longitudinal walls was monitored approximately 
every hour with a point gauge mounted on the DAQ. Longitudinal walls were installed 
with two different approach angles of 30° and 40° in the same approximate location 
(Fig. 5). Each wall was installed at least 0.2 m below the depth of maximum scour prior 
to wall installation and was carefully checked to ensure it was vertical. The wall location 
was surveyed to verify as built dimensions. Experimental runs included rough and smooth 
walls. The smooth wall (Fig. 5b) was constructed of a smooth plastic plate and the rough 
wall (Fig. 5a) was created by gluing pea gravel material (with effective roughness height 
of ∼ 0.01m ) on the plastic plate. The four test cases 1–4 are defined as smooth wall with 
angle of attack of 30°, rough wall with angle of attack of 40°, smooth wall with angle of 
attack of 40°, and rough wall with angle of attack of 40°, respectively.

In each test case, the bed topography of the OSL was hourly monitored along seven tran-
sects (Fig. 4b). Once at dynamic equilibrium (after about 8 h), the maximum scour depth 
and bed profiles along the seven transect were measured. We present in Table 2 the maxi-
mum scour depth of each test cases. Figure 6 plots the measured location of the maximum 

Fig. 4   Schematic of Outdoor 
StreamLab (OSL) from top view 
(a) and seven transects along 
which the bed-elevation profiles 
are measured (b). The topogra-
phy cart was placed at the black 
rectangle and surveyed into the 
OSL coordinate system. Red 
triangles and black circles show 
the location of benchmark points 
of the OSL side banks and water 
quality stations, respectively
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scour depth along the longitudinal walls in each test case, while details of the measured 
data can be found in [38]. The data collected from the OSL were used to (1) develop the 
general scour equation and (2) validate the VFS-Geophysics model (see “Appendix  2”). 
Taken alone, the OSL data imply that wall roughness has small to no effect on maximum 
scour depth and its location—likely due to the roughness of the channel and vegetated 
banks (see Fig. 6 and Table 2). Wall angle relative to the approach flow also has relatively 
small effect on the scour depth. While, wall angles has also influenced the location of max-
imum scour depth: the larger angle resulted in scour shifted downstream and away from the 
wall. The four test cases of the large-scale experiments obtained four data points, which are 
used (along with the numerical simulation results) in Sect. 5 to derive general scour equa-
tion. Details of the physical modeling in this section can be found in [38].

4 � Numerical simulations

We employed the VFS-Geophysics model to produce data points for maximum scour 
depth around longitudinal walls in two virtual sand- and gravel-bed meandering rivers. 
The two virtual rivers were obtained based on a comprehensive analysis of the previ-
ously published data, as described in [23], to represent natural measuring rivers. The 
sand-bed river type corresponds to rivers with small longitudinal bed slope and great 
sinuosity, while the gravel-bed rivers includes mountainous rivers and streams with high 
bed slope and small sinuosity. The selected parameter values for the sand- and gravel-
bed river test-beds are summarized in Table 3. For more details regarding the numerical 
simulations the reader is also referred to [21, 38]. For the sake of brevity, herein we only 

Fig. 5   Rough (a) and smooth (b) longitudinal walls installed in the OSL immediately downstream of the 
meander apex

Table 2   Maximum scour depth 
( Hs ) measured in the OSL at the 
base of the longitudinal walls in 
test cases 1–4 and the baseline 
case

Hs is measured as the difference between the flatbed elevation and the 
scoured elevation

Test case Hs (m)

Baseline 0.11
1 0.22
2 0.22
3 0.18
4 0.18
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present the analysis of the obtained dataset. It should be noted that prior to numerical 
simulations, we utilized the results of small- and large-scale experiments (mentioned 
above) to validate the numerical model, as reported in [21]. The validation study for a 
test case in the OSL is also presented in “Appendix 2”, while the governing equations 
and computational details of the model can be found in “Appendix 1”.

Fig. 6   Locations of the maxi-
mum scour depth (orange circles) 
along the base of the longitudinal 
walls (dashed red lines) in the 
OSL for test case 1 (a), 2 (b), 3 
(c), and 4 (d). Arrows represent 
the measured velocity vectors 
(using an ADV) at the mid-depth 
of the flow along four differ-
ent transects measured. Black 
lines represent the side banks of 
the OSL. Color maps show the 
contours of bed elevation [z (m)] 
(above sea level) scanned using 
the high-resolution scanned of 
the topography cart at quasi-
equilibrium in small windows 
adjacent to the walls (see the 
location of topography cart in 
Fig. 4a). Flow is from left to 
right

Table 3   Characteristics of selected channels based on the hydraulic geometry relationships for sand and 
gravel rivers with bankfull flow conditions, including median grain size of bed material [d50 (cm)] , density 
of sediment material [�s (kg∕m3)] , channel width [B (m)] , flow discharge [Q (m3∕s)] , flow depth [H (m)] , 
bed slope ( S ), sinuosity ( ̃s ), and wave length of meander [� (m)]

River type d50 �s B Q H S s̃ �

Gravel-bed 3.2 2650 27 36 0.9 3.2 × 10
−3 1.15 328.1

Sand-bed 0.5 2650 27 48.4 1.35 7.0 × 10
−4 1.5 266.7
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5 � Experimental and numerical results

5.1 � Small‑scale tests: local scour depth prediction

The results obtained from small-scale indoor experiments (64 data points in Sect. 2) are 
used to develop an empirical relationship for estimating the maximum scour depth at the 
base of longitudinal walls. The experimental observations indicate that the maximum 
channel bed erosion in all cases occurs at the leading edge of the protrusion (Fig. 3). 
This is admittedly due to the abrupt transition from the channel bank to the vertical face 
of the longitudinal wall, which can significantly elevate local bed shear stresses and 
enhance bed material erosion [10, 35, 37] Following dimensional analysis, the maxi-
mum local scour depth can be written as a function of independent dimensional vari-
ables. One possible set of such variables includes:

where g is the gravitational acceleration, � is the kinematic viscosity of water, � is the 
density of water, and �s is the density of sediment material. Selecting � , d50 and g as the 
repeating variables, and following standard dimensional analysis procedures, Eq.  (3) can 
be recast in terms of dimensionless parameters as follows:

where Rep = Ubd50∕� is particle Reynolds number, Frd = Ub∕
√
(gd50) is the grain-size 

Froude number, and R =
(
�s − �

)
∕� is the submerged specific gravity of sediment mate-

rial. Rep is not as important for a fully rough boundary, where the friction factor (and criti-
cal Shields stress) becomes independent of particle Reynolds number. Additionally, for 
natural rivers, R is approximately constant. Therefore, Eq. (4) can be reduced to:

It should be emphasized that the above analysis is limited to non-cohesive sediment 
material. Using all 64 data points obtained from the experiments, and employing for-
ward multiple regression analysis, the following expression is obtained:

Equation  (6) has a goodness of fit of r2 = 0.63 and covers a considerable range of 
bank slopes (28◦ ≤ � ≤ 70◦) , bed slopes (0.09% ≤ S ≤ 0.6% ) , relative roughness values 
(17.9 ≤

H

d50
≤ 62.5) , and grain-size Froude number (1.59 ≤ Frd ≤ 3.89) . Figure 7 depicts 

the best-fit curve of the measured values of the maximum local scour depth and the 
combination of the independent variables. All variables in the proposed equation (Eq. 6) 
are statistically significant—with a p value of the exponents being less than 0.5%.

Equation  (6) implies that the steeper the bank slope, the shallower the maximum 
local scour depth would be. More specifically, the measurements indicate that the maxi-
mum scour depth for 35° bank angle was 54% less than that recorded for 28◦ under the 

(3)Hs = f ⟨H, d50,Ub, �, g, �, �, �s⟩

(4)
Hs

d50
= f

⟨
H

d50
,Frd, �,Rep,R

⟩

(5)
Hs

d50
= f

⟨
H

d50
,Frd, �

⟩

(6)
Hs

d50
= 0.0178

⟨
H

d50

⟩1.24

cot1.325(�)Fr1.108
d
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baseline flow conditions, S = 0.25% , Q = 0.08m3∕s , and H = 0.17m . For a bank angle 
larger than 70°, no local bed scour was detected.

Additionally, a set of experiments were conducted to investigate the effect of several 
other parameters, not included in Eq. (6), on the scour depth, namely, wall surface rough-
ness, vegetation cover on the channel bank just upstream of the wall, and the presence 
of armor layer. The results indicate that wall roughness with an equivalent sand grain 
size of 0.6mm reduced the maximum scour depth at the equilibrium condition by 30% . 
Coarser roughness elements, with a grain size of 3.6mm , led to even a shallower scour 
depth, 57% less than that recorded for the smooth wall condition. This is mainly attributed 
to the increase in flow resistance and reduction of the flow velocity in the vicinity of the 
wall. This, in turn, can moderate the forces responsible for local scour development [3, 
27]. Similar results were reported in [15]. They indicated that roughness elements on the 
outer vertical wall along a channel bend could reduce the maximum scour depth by up to 
40% . The experimental observations also demonstrate that a dense vegetation cover on the 
channel bank immediately upstream of longitudinal walls can provide an effective means 
for reducing erosion. Specifically, in the present work, no scour was observed at the lead-
ing edge of the protrusion under the baseline hydraulic conditions with a dense vegetation 
cover on the bank. This constitutes a major improvement compared to the scour depth of 
5.3 cm , recorded under the same conditions in the absence of any vegetation. Through a 
simple flow visualization technique it became apparent that the vegetation shifted the flow 
away from the channel bank in a very gradual manner, producing a more streamlined tran-
sition and thus minimizing the impact of the abrupt change in channel geometry and scour 
development at the leading edge of the retaining wall. Finally, the experimental observa-
tions reveal that as long as the armor layer material is dismantled due to a high flow veloc-
ity, it can no longer protect the subsurface material and limit the development of scour hole 
in the vicinity of longitudinal walls.

5.2 � Large‑scale tests: general scour depth prediction

The results from OSL experiments (four data points in Sect. 3) are combined with the numeri-
cal simulations results (20 data points in Sect. 4) to develop an empirical relationship for esti-
mating the maximum scour depth at the base of longitudinal walls due to general scour [38]. 
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 in Sect. 2, 

Fig. 7   Regression of the 
small-scale experimental data 
to estimate the maximum 
local scour depth at the lead-
ing edge of the longitudinal 
structure. r2 of the regression 
is 0.63 . Abscissa represents 
G = (H∕d50)

1.24cot1.325(�)Fr1.108
d
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via dimensional analysis, parameters influencing the maximum scour depth due to general 
scour along the length of the walls are as follows:

where S is the bed slope of the channel, �m is the wavelength of the meander bend, Am is 
the amplitude of the meander bend, ks is the effective roughness height of the surface of the 
longitudinal wall, and � is the angle that longitudinal wall makes with the tangent to the 
river bank at its apex (Fig. 8). Therefore, � for a straight channel is zero.

The maximum scour depth due to general scour can be best found if scaled with d50 , which 
varies between 0.1 to 32 mm for our large-scale tests (for more details of the selected repre-
sentative ranges of parameters see [18, 21, 23]). The characteristics of meander bend can also 
be best expressed via its sinuosity ( ̃s = 𝜆m∕𝜆 ). Therefore, Eq. (7) in its non-dimensional form 
can be rewritten as:

We analyzed numerous methods to best represent the bulk of these data in an empirical 
relationship (Fig. 9) and found that the following equation provides the best overlap:

(7)Hs = f ⟨d50,Ub,H, S, �m,Am, g, ks,�⟩

(8)
Hs

d50
= f

⟨
Fr,Frd, tan𝜓 , s̃,

ks

H

⟩

Fig. 8   Schematic of a meander 
bend showing the installation 
angles ( � ) of the longitudinal 
wall, wavelength ( �m ), arc-length 
( � ) and amplitude ( Am ) of the 
meander

Fig. 9   Maximum scour depth 
data obtained from large-scale 
experiments (hollow circles) 
and numerical simulations (bold 
circles) for general scour. Dashed 
line represents the regression 
equation overlapping the data 
points. r2 of the regression 
is 0.821 . Ordinate represents 
M = Hs∕d50 −

8

5
Frd −

3�

2
e(ks∕H)1∕10
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where � for gravel-bed rivers is expressed as:

and, for the sand-bed rivers it is found to be:

Equation (9) has a correlation coefficient of r2 = 0.821 and the following limitations:

1.	 It is 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 rivers that have geometry, flow, and sediment characteristics 

within the range of the large-scale rivers studied in this work (Table 4);
4.	 Scour hole due to the intrusion of the upstream edge of the longitudinal wall is not 

considered in obtaining the dataset for this equation 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 above mentioned 
limitations to be considered.

6 � Conclusion

The current state-of-the-art scour depth prediction near longitudinal walls is 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 proper-
ties 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.

(9)
Hs

d50
= 1909⟨Frs̃𝜗⟩−10∕9 + 8

5
Frd −

3𝜋

2
e(ks∕H)1∕10

(10)� = max

⟨
150,

1

tan2�

⟩
,

(11)� = max

⟨
100,

1

tan2�

⟩
,

Table 4   Range of variables in the large-scale experiments and numerical modelings

d50 (mm) is the median gran size of bed material, W (m) is the river width, Q (m3∕s) is the volumetric flow 
rate, H (m) is the mean-flow depth, S(% ) is the bed slope of the river, s̃ is the sinuosity of the river, �m (m) 
is the wave lengthen of the meander, Fr is the Froude number of the river flow, Frp is the grain-size Froude 
number, �(◦) is the installation angle of the longitudinal wall, and ks∕H is the dimensionless effective 
roughness height of the longitudinal wall surface

Range d50 W Q H S s̃ �m Fr Frp � ks∕H

Minimum 0.7 2.5 0.3 0.2 0.07 1.0 4.5 0.19 2.64 − 20 0.03
Maximum 32 27 48.4 1.35 0.32 1.5 328.1 0.50 5.96 60 0.11
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We herein attempt to fill the gap and develop a more comprehensive relationship for 
estimating the total scour depth at the base of longitudinal walls. To this end, we carried 
out a series of experimental and numerical investigations encompassing most of the impor-
tant characteristics of the sediment, flow and waterway geometry. The present studies con-
sidered the effect of turbulence, sediment material, roughness of the structures, and river 
geometry on the scour depth at the base of longitudinal walls.

Initially, a series of small-scale laboratory experiments were conducted to produce 
adequate dataset 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 (Eq. 6). A series 
of large-scale experiments were carried out to produce large-scale physical data for the 
validations of numerical model. The large-scale experiment data were also combined with 
numerous 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 
(Eq. 9). Since the maximum scour depth due to local and the general scour processes occur 
at different locations along the longitudinal walls; these estimated values can be considered 
separately to describe the scour depth at the leading edge and mid-length of the longitudi-
nal walls, respectively. However, a linear combination of local and general scours can be 
also used to obtain a conservative value for the total maximum scour depth at the base of 
longitudinal walls in streams and rivers.

Acknowledgements  This work was supported by National Cooperative Highway Research Program Grants 
NCHRP-HR 24–33 and 24–36.

Appendix 1: Governing equations of the numerical model

The detailed description of VFS-Geophysics mathematical formulations, hydro-morpho-
dynamic coupling method, and boundary conditions can be found in [24]—see also [16, 
17, 19, 22]. Herein, we briefly outline the equations that govern the hydrodynamics and 
morphodynamics of the model.

Hydrodynamic model

The hydrodynamic model solves numerically the unsteady, three–dimensional, incom-
pressible Reynolds-averaged Navier–Stokes and continuity equations. The governing equa-
tions in generalized curvilinear coordinates, read as follows [20]:

where 
{
xi

}
 and 

{
�i
}
 are the Cartesian and generalized coordinates (i = 1,2, and 3), respec-

tively, J is the Jacobian of the geometric transformation J = �
(
�1�2, �3

)
∕�

(
x1, x2, x3

)
 , 

�i
x�
= ��i∕�x� are the metrics of the geometric transformation, 

{
u�
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 are the Cartesian veloc-
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ity components, Ui = �i
xm
um∕J are the contravariant components of the volume flux vector, 

gjk = �
j
x�
�k
x�

 are the components of the contravariant metric tensor, p is the pressure, �ij is 
the Reynolds stress tensor, Re is the Reynolds number ( = hUm

�
 ), h is the mean-flow depth, 

Um is the mean flow velocity, and � is the kinematic viscosity of water. The above equations 
are closed using the k − � model [40] to calculate the eddy viscosity. The turbulence clo-
sure equations in generalized curvilinear coordinates can be found in [24].

The governing equations are discretized in space on a hybrid staggered/non-staggered 
grid arrangement [11] using the second-order accurate QUICK scheme for the convective 
terms along with second-order accurate, three-point central differencing for the divergence, 
pressure gradient and viscous-like terms. The time derivatives are discretized using sec-
ond-order backward differencing [16]. The discrete mean flow equations are integrated in 
time using an efficient, second-order accurate fractional step methodology coupled with a 
Jacobian-free, Newton–Krylov solver for the momentum equations and a GMRES solver 
enhanced with multigrid as preconditioner for the Poisson equation.

Morphodynamic model

The temporal variation of the river bed elevation is governed by the Exner-Polya equation 
[36]:

where � is the sediment material porosity, zb is the bed elevation, ∇ denotes the divergence 
operator, �BL is the bed-load flux vector, Db is the net deposition onto the bed, and Eb is the 
net entrainment from the bed cell. The motion of sediment in suspended load is governed 
by the following convection–diffusion equation [41, 42]:

where Wj =
(
�
j

3
∕J

)
ws is the contravariant volume flux of suspended sediment, �∗

L
 and �∗

R
 

are the laminar ( = 1∕200 ) and turbulent (= 4∕3 ) Schmidt numbers, � is the density of 
water, and ws is the settling velocity of non-spherical sediment particles which is computed 
by van Rijn’s formula [39].

At the mobile sediment/water interface we employ the approach proposed by Chou and 
Fringer [7] to specify boundary conditions for � using van Rijn’s pickup function [39]. At 
rigid walls and the outlet of the flow domain we employ a Neumann, zero-gradient bound-
ary condition while for the free-surface boundary we assume free-slip condition [39]. For 
details regarding the equations and their boundary condition we employ to model the vari-
ous terms in the above equations see [22, 24].

Appendix 2: Model validation

The VFS-Geophysics model is extensively validated for morphodynamics computations 
against laboratory- and field-scale data [22–24]. Herein, we present the results of yet 
another validation study using the sediment transport data obtained in the OSL for the test 
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case 3, which includes an installed longitudinal wall (smooth) an angle of attach of 40°. 
Validation studies for other test cases can be found in [23, 38]. As in the experiment, the 
numerical simulations started from flat sediment bed (see Fig. 10) and continued until the 
bed morphology reached a dynamic equilibrium. Once at the quasi-equilibrium, a subaque-
ous bed scanner was used to measure the bed topography of the OSL. These bed measure-
ments represent instantaneous bed elevation of the OSL after t ∼ 8 h during which OSL 
was at dynamic quasi-equilibrium, which can be characterized by the migration of mature 
bedforms. The amplitude of the experimentally observed bedforms was about 0.1–0.2 m 
while their wavelength varies between 0.5 and 1.0 m.

The initial bed topography of the OSL was scanned and used to create the computa-
tional grid system, which consists of ∼ 9.9 million grids with 1201 × 201 × 41 nodes in 
streamwise, spanwise, and vertical directions, respectively. Given the vertical ( ∼ 0.3m ), 
spanwise ( ∼ 2.5m ), and longitudinal ( ∼ 15m ) dimensions of the OSL, the spatial resolu-
tion of the grid, which is uniformly distributed, is about ∼ 0.01m . The initial bed profiles 
in the experiment and, consequently, the model are shown in Fig. 10, while in Fig. 11a we 
plot the details of the computational grid system. Turbulence is modeled using large-eddy 
simulation (LES) module of the VFS-Geophysics model [25, 26]. A time step of 0.1 s was 
utilized for the flow field calculations to ensure a CFL number of less than 1.0. At the 
water surface, we prescribed the measured water-surface elevation as a sloping-lid bound-
ary condition. A uniform flow is prescribe at the inlet of the OSL, while wall-modeling 
approach is used at the bed and side-walls of the OSL. The inlet boundary condition for the 
sediment transport model was prescribed with an inlet flux of 2 kg/min, which is consistent 
with the sediment feeding rate in the experiment.

We started the simulation by running the flow solver in the OSL under banckful flow 
conditions. Once the flow field was statistically converged (which was established by 
motoring the kinetic energy within the computational domain), the morphodynamics mod-
ule was activated. The coupled flow and morphodynamics simulation was continued until 
the bed morphology of the channel reached its quasi-equilibrium. The computed instanta-
neous vorticity field of the OSL is shown in Fig. 11c. The simulated time-averaged bed ele-
vation and the root–mean-square (rms) of bed elevation fluctuations are shown in Fig. 11b, 
d, respectively. The simulated bedforms migrate and, thus, the bed bathymetry continu-
ously evolves. The time-averaged bed elevations are computed to produce a bed bathym-
etry that can be better compared with the measured bed profiles.

Fig. 10   Initial bed elevations profiles at the beginning of the simulations and experiments (black dotted 
lines). The location of cross-sections is shown in legend
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Fig. 11   Computational mesh (a) and simulated morphodynamics (b, d) and hydrodynamics (c) of the flow 
and sediment transport in the OSL with a longitudinal wall at the outer bend of the meander. The angle 
of attack of main flow to the wall is 40°. a Shows the computational mesh used to simulate OSL with 
an installed wall. Sediment transport equation is solved on the unstructured red triangular mesh, the white 
structured mesh is the background mesh on which the flow field is solved. The white square background 
mesh is skipped by a factor of 5 for the sake of visual clarity. The black-dots are the points surveyed in the 
OSL to produce the geometrical data. The grid resolution is almost uniform in all directions with a spacing 
of about 1.5 cm. b Shows the contours of time-averaged bed elevation; c depicts the computed contours of 
instantaneous out-of-plane vorticity at the water surface; and d is the computed rms (percent) of bed eleva-
tion fluctuations. Flow is from left to right

Fig. 12   Computed time-averaged (red lines) and measured instantaneous (black circles) bed elevation ( z ) 
profiles along six cross-sections of test case 3 (shown in legend). The vertical axis on the right represents 
rms of bed fluctuations (red dotted-line) for the simulated bed morphology and S (in m) is the vector along 
each cross-section. Note that since the river banks are almost stationary, the rms of fluctuation near the river 
banks approaches zero. While in the mid-channel, where migrating bedforms are present in the simulations, 
rms values vary between 0.1 with a maximum of ∼ 0.2
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In Fig. 12 we compare the simulated and measured bed profiles along the seven cross-
sections shown in Fig. 11b. One can clearly see a major discrepancy between measured 
and simulated bed profiles for the first two cross-sections. The reason for such discrep-
ancies can be attributed to the uncertainty in the inlet boundary condition. We note that 
the measured bed profiles in Fig.  12 are instantaneous while the simulated results are 
time-averaged. Overall, the agreement observed in Fig.  12 for the cross-sections three 
to seven is reasonably good and the mean error percentage is about 10%. Additionally, 
as one can see in this figure, the generic scour and deposition areas are well predicted. 
Finally, we note that the computed rms of the bed fluctuation in Fig. 12 is a good repre-
sentative of the amplitude of the numerically captured bedforms. The computed rms of 
bed fluctuation within the channel varies between 0.08 and 0.18 m with a maximum of 
about 0.19 m, which seems consistent with the amplitude of the experimentally observed 
bedforms in the OSL.
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