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Abstract: Eco-friendly river restoration structures are used to create localized scour pools which serve
as fish nurseries and promote biodiversity. In this category, chevrons are relatively new structures
designed to maintain navigability in rivers. The scour hole formed in the wake region of chevrons
can either act as a disposal site for dredged material or as a resting spot for different fish species.
However, only few studies are present in the literature dealing with the scour mechanism due to
chevrons. Therefore, this work aims to analyze the scour features at equilibrium, under different
hydraulic conditions and transversal locations in a straight channel. Tests were conducted with both
isolated and multiple chevrons in series arrangement. Scour morphology types were classified and
their fields of existence were established as well. A detailed dimensional analysis was conducted,
allowing us to identify the main parameters governing the scour phenomenon and derive a novel
equivalent densimetric Froude number. Finally, empirical equations were developed to predict the
maximum scour depth and length as well as the maximum dune height.

Keywords: chevron; hydraulics; physical model; river restoration; scour morphology

1. Introduction

Fresh water ecosystems are essential for the sustenance and preservation of human
civilisation. In particular, the various river systems play an important role for all human
activities. However, due to anthropogenic degradation of the environment, rivers are
prone to damage in terms of water quality and sediment carrying potential. In this context,
river restoration aims at enhancing river health by promoting natural flow variations and
grade-control. This can be done either passively by encouraging proper land use and
irrigation [1] or more directly by introducing different low-head eco-friendly structures to
mimic the conditions of a reference reach [2]. In this regard, double-winged log-frames,
log-frame deflectors, wood bundles, chevrons and other structures are used to stabilize the
channel, control sediment carrying capacity, increase navigability and create scour pools
which are regions of slow-moving deep-water suitable for fish resting and growth of other
organisms. Likewise, the dune regions around the scour pools can be used as a site for
fish spawning. In addition, these structures can contribute to dissipate the upstream flow
energy thereby avoiding excessive degradation of the downstream branches. Nevertheless,
the scour morphology due to the above structures needs to be thoroughly studied to ensure
stability of the stilling basin.

Early studies on scour due to hydraulic structures was carried out by [3] who anal-
ysed the scour process downstream of spillways. Likewise, ref. [4] carried out studies
on grade-control structures, providing significant contributions based on jet diffusion
theory and particle stability analysis in the scour hole. A thorough literature survey was
conducted by [5–7], who focused on the various empirical equations used to predict the
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maximum scour depth for grade-control structures. They concluded that empirical equa-
tions depend heavily on the experimental conditions used to calibrate/validate them.
Subsequently studies dealing with other structures highlighted the important influence
of hydraulic conditions and geometric configurations on the phenomenon [8–11]. More
recently, advancements were made on developing theoretical models for scour prediction
using Newton’s second law or the phenomenological theory of turbulence [12–15].

Studies were also conducted on the scour characteristics due to specific grade-control
structures such as submerged vanes [16–18]. Following this, ref. [19] analyzed the effect of
sills on the major scour geometry parameters and [20] studied in detail W-weirs located
in meandering channels. Subsequently, refs. [21,22] analyzed the flow across vane dikes
in curved channels and 3-D scour pattern due to various structures, respectively. Block
ramps were analyzed in detail by [23] who highlighted the role of tailwater level and the
position of the pile in influencing the scour process. Thereafter, the authors of [24] studied
block ramps in the presence of downstream stilling basin protection. The scour mechanism
due to block ramps located in channel curves in absence and presence of downstream
sills was studied by [25,26], respectively. Finally, other studies numerically investigated
the influence of different hydraulic conditions on dune dynamics, providing interesting
observations on mean streamwise velocity and free water surface characteristics [27].

More recently, other eco-friendly structures like log-frames and deflectors have been
used in several river restoration projects to rejuvenate the fluvial habitat. In this context,
studies on log-vanes and log deflectors were carried out by [28,29]. Furthermore, ref. [30]
investigated triangular-shaped log-frame deflectors and concluded that these structures
shift the location of the scour away from the bank, thereby contributing to stabilize the
channel bed and banks. An experimental analysis of the scour features due to stone
reinforced double-winged log-frames was proposed by [31] who also provided empirical
equations to estimate the main geometric parameters of the equilibrium morphology.

The term “chevron” identifies both “large U- and V-shaped ridges found in or near
shorelines worldwide” [32] and structures used for river restoration. In fluvial contexts,
they represent a new and suitable solution to enhance local conditions. These structures
were initially used to concentrate the flow and induce localized scour processes resulting
in an improvement of the navigability of channels/rivers. However, they were also found
to be effective in enhancing the habitat for fish species. Namely, deep scour zones are
formed in correspondence with the structures which act as potential refuge sites for fish and
aquatic habitats. Furthermore, chevrons can prevent excessive erosion if located upstream
of the nose of islands. Despite their effectiveness, very few studies deal with chevrons.
More specifically, ref. [33] conducted a preliminary study on blunt-nosed chevrons and
provided a basic design guideline for their implementation. They also observed that
chevrons usually increase the diversity of the fluvial flora and fauna. In this regard, ref. [34]
conducted a study on a two-kilometre reach of St. Louis harbor, analyzing the effect
of chevrons on the aquatic habitat. They concluded that the presence of the structures
“increased physical-aquatic-habitat diversity within the channel by 8–35%.” The interaction
of chevrons with river hydraulics was analyzed by [35]. The authors corroborated the
beneficial effects of such structures, but they did not provide a detailed analysis of the
equilibrium morphology. Likewise, the American Society of Civil Engineers (ASCE) Task
Committee on Inland Navigation of the Waterways Committee of the Coasts, Oceans, Ports,
and Rivers Institute (COPRI) further clarified the importance of this structure typology in
enhancing river navigation and highlighted that they can be used to create an excellent
habitat for fish species [36]. In doing so, they also pointed out that further investigations
are needed to increase the understanding of the scour process occurring in correspondence
with chevrons.

This study aims at filling the aforementioned gap in knowledge. Apparently, none
of the previous studies provides a detailed analysis of the equilibrium morphology occur-
ring in correspondence with chevrons under different hydraulic conditions and structure
configurations. Furthermore, there are no relationships to evaluate the main geometric
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characteristic at equilibrium. Note that the knowledge of such characteristics is of fun-
damental importance for the following reasons. First, an excessive scour can cause the
collapse of the structure. Then, any design optimization should be based on reliable tools
allowing hydraulic engineers to predict the shape and dimensions of both scour holes
and dune formations. To this end, we conducted an extensive experimental campaign, by
testing several chevron configurations under clear water conditions. Several morphology
types were distinguished and classified, depending on both hydraulic conditions and
structure configurations. Finally, the analysis of experimental data allowed us to derive a
set of empirical equations that can be useful to predict the main geometric characteristics
of the scour holes and dune at equilibrium.

2. Materials and Methods

Chevrons were tested at the hydraulics laboratory of the University of Pisa under
various hydraulic and geometric conditions. The straight channel used for experimentation
was 11 m long, 0.5 m wide (B), 0.5 m deep and is shown in Figure 1a. Tests were conducted
by placing the chevron structure at a distance of d from channel entrance (d/B = 15.8).
Initially, a single, isolated chevron was tested. Thereafter, tests were undertaken with two
and three chevron structures in series with a fixed inter chevron distance under otherwise
identical conditions. The number of structures in a chevron structure arrangement is
denoted by n. Notably, the structure position highlighted in Figure 1a is that of the first
structure in the case of chevron series arrangement. Two different transversal positions
of the structure were tested in the channel as shown in Figure 1c,d. They are defined as
pc/B = 0.5 and 0.33 where pc denotes the distance of crown apex of the chevron structure
from the channel bank.
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downstream stilling basin is denoted by l′m. Moreover, Q, htw and Δy are the flow dis-
charge, tailwater level and difference in the level of water surface upstream and down-
stream of the chevron structure arrangement, respectively. hst denotes the height of the 
chevron structure whereas lst is the total curved length of each chevron structure. 

The distance between two consecutive chevrons in a series arrangement is denoted 
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Figure 2 shows the plan, cross-sectional and stream-wise views of the chevron series
arrangement with three structures in a straight channel. The structural arrangement in
case of a single, isolated structure and chevron series with two structures are the same
as that reported in Figure 2, without the presence of the last two structures and the last
structure, respectively. In Figure 2, zmu-1, zmu-2 and zmu-3 denote the maximum scour depths
in the upstream vicinity of the first, second and third structure, respectively, in the case
of multiple structures. zmd denotes the maximum scour depth formed in the downstream
stilling basin after the last structure in the chevron series. z′m represents the maximum
height of dune occurring in the downstream stilling basin. Accordingly, lmu denotes the
maximum length of the scour hole occurring in the vicinity of the chevrons whereas lmd
denotes the maximum scour length in the downstream stilling basin after the last structure
in the chevron series. lmax indicates the maximum axial scour length of the entire scour
region, including the scour formations in the structure vicinity and downstream stilling
basin. Notably, when the downstream scour hole is absent lmax is assumed to be equal to
lmu and occurs in the longitudinal section running along the edges of the chevron structure,
or chevron structures in the arrangement in series. The maximum length of dune in the
downstream stilling basin is denoted by l′m. Moreover, Q, htw and ∆y are the flow discharge,
tailwater level and difference in the level of water surface upstream and downstream of the
chevron structure arrangement, respectively. hst denotes the height of the chevron structure
whereas lst is the total curved length of each chevron structure.

The distance between two consecutive chevrons in a series arrangement is denoted
by sc. This parameter was varied in the case of chevron series with two structures to
evaluate the effect of structure longitudinal distance on the overall scour characteristics.
It was observed that for sc/B = 0.2, the various chevron structures in the series interacts
and causes the most significant modifications of the scour morphology and flow pattern.
Therefore, all tests for chevron series arrangement with three structures were conducted
for sc/B = 0.2.

The geometric characteristics of an individual chevron are shown in Figure 1b. The
chevron structure has a symmetric U-shape, consisting of a central curved crown and two
legs extending in the downstream direction on either side. The axial length of the structure
(lcl) is equal to the structure width (wc). The entire curved length of the chevron (lst) is
equal to lst = 2la + lb. For all the tests in the current study lst/B = 0.7. The relative radius of
curvature of the crown of the chevron Rc/B is equal to 0.1, with Rc indicating the curvature
of the crown. The chevron structure was made by layers of stones (mean diameter ranging
between 2.5 and 3 cm) glued together using a silicone glue. The adopted configuration
prevented sinking during experiments.

A uniform bed material was used to simulate the channel bed. The mean diameter of the bed
material is d50 = 1 mm and its sediment non-uniformity parameter σ = (d84/d16)0.5 = 1.15,
with dxx indicating the diameter of the bed material for which xx% is finer. The density of
the bed sediment (ρs) is equal to 2467 kg/m3 and the density of water (ρ) was assumed
to be equal to 1000 kg/m3. The viscous and sediment cohesive effects can be assumed
to be negligible for a turbulent flow regime and d50 > 0.8 mm [37]. The summary of tests
conducted in this study is shown in Table 1. In some cases, chevrons were tested under
unsubmerged conditions, i.e., for hst > htw. Figure 3a,b show the development of a scour
hole in the upstream vicinity of the chevron for test 6 at t = 0 s and t = 1800 s, respectively,
where t is the time from the beginning of the test.

At the beginning of each test the channel bed was levelled and the desired discharge
was set up. The tailwater level was controlled with the help of a tailgate located at
the downstream end of the channel. The average duration of the tests was around 4 h,
according to the hydraulic conditions and the channel bed material. Such duration allowed
the bed to reach the equilibrium scour condition. Note that some tests were conducted
with longer duration (up to 6 h) and the differences between scour features at 4 and 6 h
were found to be negligible.
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Table 1. Summary of experimental conditions and results.

Test Q n pc/B hst sc/B htw ∆y zmu-1 zmu-2 zmu-3 zmd z′m lmax

(m3/s) (-) (-) (m) (-) (m) (m) (m) (m) (m) (m) (m) (m)

1 0.012 1 0.50 0.056 - 0.078 0.002 0.075 - - 0.031 0.013 0.818
2 0.012 1 0.33 0.056 - 0.074 0.003 0.084 - - - 0.016 0.699
3 0.014 1 0.33 0.056 - 0.084 0.003 0.075 - - - 0.015 0.896
4 0.014 1 0.33 0.056 - 0.105 0.002 0.062 - - 0.015 0.040 0.712
5 0.014 1 0.50 0.056 - 0.103 0.003 0.068 - - 0.015 0.034 0.785
6 0.012 1 0.50 0.056 - 0.076 0.003 0.113 - - - 0.019 0.855
7 0.012 1 0.50 0.095 - 0.077 0.001 0.114 - - - 0.025 1.058
8 0.012 2 0.50 0.056 0.4 0.075 0.004 0.095 0.065 - 0.024 0.010 1.223
9 0.014 2 0.50 0.056 0.4 0.086 0.005 0.096 0.053 - 0.035 0.016 1.610
10 0.014 2 0.50 0.056 0.4 0.103 0.004 0.083 0.056 - 0.019 0.035 1.237
11 0.012 2 0.33 0.056 0.4 0.072 0.005 0.093 0.064 - - 0.008 0.970
12 0.014 2 0.33 0.056 0.4 0.102 0.004 0.075 0.053 - 0.012 0.045 1.195
13 0.012 2 0.50 0.056 0.6 0.074 0.004 0.095 0.074 - 0.029 0.007 1.259
14 0.014 2 0.50 0.056 0.6 0.103 0.004 0.073 0.064 - 0.018 0.038 1.301
15 0.012 2 0.33 0.056 0.6 0.074 0.006 0.100 0.068 - - 0.023 0.940
16 0.014 2 0.33 0.056 0.6 0.102 0.003 0.079 0.056 - 0.011 0.051 1.275
17 0.012 2 0.50 0.056 0.2 0.076 0.003 0.105 0.053 - 0.023 0.016 1.400
18 0.014 2 0.50 0.056 0.2 0.105 0.003 0.077 0.050 - 0.021 0.033 1.100
19 0.012 2 0.33 0.056 0.2 0.074 0.003 0.099 0.067 - 0.017 0.020 1.260
20 0.014 2 0.33 0.056 0.2 0.102 0.003 0.085 0.052 - 0.039 0.041 1.205
21 0.014 2 0.50 0.056 0.2 0.087 0.003 0.109 0.066 - 0.046 0.022 1.965
22 0.014 2 0.33 0.056 0.2 0.085 0.004 0.116 0.068 - 0.039 0.030 1.635
23 0.016 2 0.50 0.056 0.2 0.124 0.003 0.073 0.054 - 0.035 0.037 1.190
24 0.012 2 0.33 0.095 0.2 0.076 0.005 0.109 0.070 - - 0.032 0.958
25 0.012 2 0.50 0.095 0.2 0.076 0.003 0.108 0.066 - - 0.011 1.315
26 0.012 3 0.50 0.056 0.2 0.075 0.006 0.123 0.067 0.060 0.048 0.020 1.750
27 0.014 3 0.50 0.056 0.2 0.084 0.007 0.117 0.071 0.060 0.047 0.023 2.150
28 0.014 3 0.50 0.056 0.2 0.103 0.004 0.091 0.045 0.068 0.043 0.035 1.800
29 0.014 3 0.33 0.056 0.2 0.083 0.006 0.119 0.082 0.051 0.035 0.030 2.165
30 0.014 3 0.33 0.056 0.2 0.105 0.003 0.074 0.039 0.057 0.040 0.047 1.771
31 0.008 3 0.50 0.056 0.2 0.065 0.005 0.056 0.048 0.015 - 0.022 0.732
32 0.016 3 0.50 0.056 0.2 0.124 0.003 0.073 0.046 0.066 0.045 0.051 1.510
33 0.012 3 0.33 0.095 0.2 0.075 0.006 0.116 0.064 0.057 - 0.026 1.310
34 0.012 3 0.50 0.095 0.2 0.075 0.005 0.100 0.060 0.040 - 0.035 1.152
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Figure 3. Scour evolution for test 6 at (a) t = 0 s (test beginning) and (b) t = 1800 s. Flow is from left
to right.

In order to accurately estimate the parameters ∆y and htw, extensive water depth
measurements were taken in longitudinal sections located at regular intervals across the
entire channel width using a point gauge with precision 0.1 mm. The flow intensity (U/Uc)
ranged between 0.70 and 0.96, where U and Uc are the mean flow velocity and critical flow
velocity, respectively. Uc was estimated following the methodology proposed by [38,39].
Therefore, all the tests were conducted under clear water condition. It is worth remarking
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that the threshold peak condition occurs for U/Uc ≈ 1, for which a maximization of the
scour depth takes place [40,41]. After test completion, the water was slowly drained from
the channel to keep the equilibrium morphology of the bed intact. Thereafter, the mobile
bed was scanned with a “Leica Geosystems” laser scanner to obtain scour maps having a
precision of ±1 mm. Both geometric characteristics of the structure (among others, hst) and
significant points of scour morphology (among others, maximum scour depths and dune
height) were also measured using a point gauge with 0.1 mm accuracy. These points were
used to validate the readings of the laser scanner and the difference was always lower than
1 mm.

3. Analysis of Equilibrium Morphology
3.1. Dimensional Analysis

A dimensional analysis was carried out to identify the non-dimensional parameters
governing the scour phenomena due to chevrons. According to [4,7,12,14,31,42–45] and for
uniform bed materials, the depended variable (zm + htw) can be expressed as function of
the following variables:

(zm + htw) = f (B, Q, hst, g, lst,∆ρ, ρ, n, pc, sc, d50), (1)

where zm is the maximum scour depth, i.e., it is equal to the maximum of zmu-1, zmu-2, zmu-3
and zmd. However, for present tests, zm is always equal to zmu-1, regardless of the number
of structures (Table 1). Note that, as suggested by several researchers [9,12–14,43], it is
more appropriate to consider ∆ρ instead of ρs (where ∆ρ = ρs − ρ) when analysing the
scour mechanism downstream of hydraulic structures. By taking Q, hst and ρ as repeating
variables we obtained the following non-dimensional functional relationship:

(zm + htw)

hst
= f

(
B

hst
,

gh5
st

Q2 ,
lst

hst
,

∆ρ

ρ
, n,

pc

hst
,

sc

hst
,

d50

hst

)
, (2)

By rearranging some of the non-dimensional groups, Equation (2) can be rewritten as:

(zm + htw)

hst
= f

(
B

hst
, Fdeq,

lst

B
,

∆ρ

ρ
, n,

pc

B
,

sc

B
,

d50

B

)
, (3)

where Fdeq is defined as the equivalent densimetric Froude number and is equal to:

Fdeq =
Q

Bhst

√
gd50

∆ρ
ρ

, (4)

Note that Fdeq incorporates the effects of structure geometry, granulometric charac-
teristics of the bed sediment and discharge. Notably, a similar parameter was derived
by [8] to analyse the scour phenomena due to different hydraulic structures. In the present
study the range of variability of the different non-dimensional parameters are as follows:
2 ≤ Fdeq ≤ 5, 5.26 ≤ B/hst ≤ 8.92, lst/B = 0.7, 0.33 ≤ pc/B ≤ 0.5, 0.2 ≤ sc/B ≤ 0.6, 1 ≤ n ≤ 3,
∆ρ/ρ = 1.467 and d50/B = 0.002.

3.2. Scour Features

The knowledge of the various scour morphology types due to chevrons is essential for
proper design of the structure and to determine sites for dredge disposal and fish refuge.
For single, isolated chevrons two different types of scour morphology were identified, i.e.,
Types A and B. Figure 4a,b show Type A for chevron at pc/B = 0.5 and 0.33, respectively.
This morphology type results in an elongated scour around the chevron which extends
downstream on either side of the two structure legs. An elongated dune is formed down-
stream of the structure along its central axis and is partially confined by the scour on both
sides. For both transversal structure positions, Type A is similar, and the scour generally
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reaches the channel banks. Notably, for pc/B = 0.33 the scour region near the far bank
is shallower.
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Figure 4c,d show Type B for pc/B = 0.5 and 0.33, respectively. A significant mod-
ification of the bed morphology is observed in this case. Two distinct scour zones are
formed in Type B in the vicinity of the chevron structure and in the downstream stilling
basin after the structure along its central axis. Compared to Type A, the scour hole in
the structure vicinity is less elongated and confined in the downstream direction by two
prominent dune formations in correspondence with the two structure legs. These dunes
extend downstream and partially limit the scour in the downstream stilling basin. As
before in case of morphology Type B and for pc/B = 0.33, the scour in the far bank vicinity
is shallower.

Following this, scour morphology for multiple chevron structures in series arrange-
ment was analysed as well. Figure 5 shows the major scour morphology types for pc/B = 0.5
with three structures (n = 3). The corresponding morphology types for n = 2 are similar.
Moreover, from the analysis of the single structure, it can be inferred that the transversal
structure position has limited effect on the resulting morphology types which is corrob-
orated by the findings in the case of multiple structures. Figure 5a shows Type A in the
case of multiple structures defined by an elongated scour around the chevron structure
arrangement which extends downstream of the last chevron in the series, similarly to the
case of the single structure. A single dune is formed after the structure along its central
axis, confined by scour formations on both sides. Figure 5b shows the morphology Type
B in the case of multiple structures. This type is characterised by a scour in the structure
vicinity and another scour formation in the downstream stilling basin, along the central
axis of the structure. Like the case of the single structure, deposition regions are formed
beyond the last chevron in the series in correspondence with its two legs. They usually
extend downstream and partially confine the scour in the stilling basin after the structure
arrangement. Notably, in the case of multiple structures, there is another type of scour
morphology denoted as Type C (Figure 5c). In this morphology type, the dune regions
are significantly larger in comparison to that of Type B and they completely confine the
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scour region in the downstream stilling basin. Moreover, they also migrate in the upstream
direction, dividing the scour region in the structure vicinity into two parts.
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It was shown by [29,31] that Fdeq and ∆y are important variables which can be used to
determine the fields of existence of different morphology types in the presence of low-head
structures. This finding was corroborated by the present study. Namely, we observed that
∆y/htw is a crucial parameter affecting the transition between different morphology types.
This parameter expresses the relative drop in the water surface level across the structure
arrangement. In addition, the number of structures (n) in the chevron series arrangement
has considerable influence on the scour morphology types. Therefore, different morphology
types were distinguished and reported in graphs ∆y/htw(Fdeq), as shown in Figure 6a–c for
n = 1, 2 and 3, respectively. In Figure 6, data points for chevrons in unsubmerged condition
are represented by shaded rectangles and in all those cases the resulting scour morphology
was Type A. Notably, morphology Type C does not occur for a single, isolated chevron,
as discussed earlier. Generally, keeping Fdeq constant, Type A occurs for higher ∆y/htw
values. By decreasing this ratio, a transition from Type A to B and finally to C can be
obtained. This occurrence can be explained considering that high values of ∆y correspond
to a reduction of the diffusion length, resulting in extended scour formations on both sides
of the chevron and, therefore, in scour morphology Type A. In this case the scour pushes
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the dune from either direction thereby eventually restricting it to the central axis of the
structure arrangement in the downstream stilling basin. This phenomenon evidences that
the scour magnitude decreases with htw and jet diffusion length [13,14]. For lower values
of the ratio ∆y/htw, the development of scour in the longitudinal direction on either side of
the chevron is limited by the formation of strong dunes in correspondence with the two
legs of the structure (Type B). Moreover, a shallow scour region forms after the chevron
along its central axis and remains partially confined by the dunes. A further decrease of
the parameter ∆y/htw leads to a more pronounced dune, surrounding the scour hole in the
downstream stilling basin (Type C). The dune regions also move upstream and divide the
scour in the structure vicinity into two parts. In general, the transition between different
types occurs at higher ∆y/htw if Fdeq increases.
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Prospective views of stilling basin scour morphologies pertaining to four tests are
shown in Figure 7. Namely, Figure 7a,b present the scour maps for a single chevron
(n = 1) with identical structure configuration, transversal position, Fdeq (Q = 0.014 m3/s,
hst = 0.056 m, pc/B = 0.33 and Fdeq = 4.16) and ∆y/htw = 0.034 (test 3) and 0.020 (test 4),
respectively. In the case of the former, the ensuing scour morphology type is A, whereas in
the latter case the morphology is characterised by Type B due to lower value of ∆y/htw.
Another set of examples is presented in Figure 7c,d showing scour maps due to identical
structure arrangement, position, Fdeq (Q = 0.014 m3/s, n = 2, hst = 0.056 m, sc/B = 0.4,
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pc/B = 0.5 and Fdeq = 4.16) and ∆y/htw = 0.058 (test 9) and 0.036 (test 10), respectively.
In this case, the former map is characterised by Type B whereas the latter by Type C,
thus corroborating the existence fields shown in Figure 6. To facilitate navigability in
straight rivers, Type A is preferable as it creates elongated deep scour regions on both
sides of the chevron which can be used as corridors for boats. Conversely, to promote
biodiversity in the channel, morphology Types B and C appear to be more appropriate. In
these types, slow-moving deep-water scour regions are created in the downstream stilling
basin, serving as a fish nursery, whereas the dunes can be used by fishes for spawning. In
other cases, the downstream scour region can be used as an in-stream dredge disposal site.
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4. Results and Discussion
4.1. Maximum Scour Depth

In Section 3.1 we showed that the parameter (zm + htw)/hst can be expressed as a



Water 2021, 13, 971 12 of 17

function of several non-dimensional groups (Equation (3)). In addition, we clarified that, in
the tested ranges of parameters, the maximum scour depth zm always occurred upstream of
the first chevron in the case of a multiple structure arrangement. However, Equation (3) can
be further simplified as in this study ∆ρ/ρ = 1.467, d50/B = 0.002 and lst/B = 0.7 have been
kept constant. Furthermore, preliminary analyses allowed us to state that the parameter
B/hst does not affect the maximum scour depth in the range (i.e., 5.26 ≤ B/hst ≤ 8.92).
Therefore, Equation (3) becomes:

(zm + htw)

hst
= f

(
Fdeq, n,

pc

B
,

sc

B

)
, (5)

Two different transversal positions of the chevrons have been tested, i.e., pc/B = 0.5,
0.33, while three inter-chevron distances were investigated in the arrangements with
multiple structures, i.e., sc/B = 0.6, 0.4, 0.2. Therefore, (zm + htw)/hst was plotted against
the corresponding Fdeq values and data grouped according to the number of structures in
the arrangement (n), the transversal position (pc/B) and the longitudinal distance (sc/B).
Figure 8 shows that the effect of the parameters n, pc/B and sc/B on (zm + htw)/hst is very
limited, allowing us to further simplify Equation (5):

(zm + htw)

hst
= f

(
Fdeq

)
, (6)
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Therefore, for all the tested conditions, the experimental data can be interpolated by
the following exponential function (R2 = 0.80):

(zm + htw)

hst
= 1.14 exp

(
0.258Fdeq

)
, (7)

which is valid in the following range of parameters: 2 ≤ Fdeq ≤ 5; 5.26 ≤ B/hst ≤ 8.92;
lst/B = 0.7; 0.33 ≤ pc/B ≤ 0.5; 0.2 ≤ sc/B ≤ 0.6; 1 ≤ n ≤ 3. All data points are reported
along with Equation (7) in Figure 9, showing a satisfactory agreement between predicted
and measured values of the variable (zm + htw)/hst. Note that in Figure 9 data points are
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also distinguished according to the submergence condition of the structure. Namely, in
this study we tested both submerged (hst < htw) and unsubmerged (hst > htw) chevrons.
It was found that the submergence of the structure has a negligible influence on the
dependent variable.
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As mentioned above, Equation (7) provides an estimation of the maximum scour depth
zm, that in our tests is always equal to zmu-1. However, we also analyzed the maximum
scour depth occurring in the upstream vicinity of the second chevron zmu-2. To this end,
we contrasted the non-dimensional scour depth zmu-2/hst against zm/hst for all the tested
conditions (Figure 10). We found that the two scour depths are characterised by a significant
correlation. Namely, zmu-2/hst is a monotonic increasing function of zm/hst and can be
estimated using the following linear relationship (i.e., R2 = 0.65):

zmu−2

hst
= 0.468

zm

hst
+ 0.277, (8)

which is valid for the following range of parameters: 2 ≤ Fdeq ≤ 5; 5.26 ≤ B/hst ≤ 8.92;
lst/B = 0.7; 0.33 ≤ pc/B ≤ 0.5; 0.2 ≤ sc/B ≤ 0.6; 1 ≤ n ≤ 3. This result is also in agreement
with the findings of [7] and occurs in many other scour problems involving structures
in series.
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Moreover, the knowledge of the maximum scour depth occurring in the downstream
stilling basin (zmd) is also of fundamental importance, as the downstream scour hole can
serve as a resting pool for different kinds of fishes and aquatic species, thus enhancing
river biodiversity. Therefore, experimental data of zmd were analyzed as well. Based on
the dimensional analysis reported in Section 3.1 and considering that the simplifications
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made for the functional relationships Equations (3) and (5) also apply for (zmd + htw)/hst,
the following empirical equation was obtained (R2 = 0.70):

(zmd + htw)

hst
= 0.573 exp

(
0.332Fdeq

)
, (9)

Equation (9) is valid in the following range of parameters: 3.5 ≤ Fdeq ≤ 5; B/hst = 8.92;
lst/B = 0.7; 0.33 ≤ pc/B ≤ 0.5; 0.2 ≤ sc/B ≤ 0.6; 1 ≤ n ≤ 3. Figure 11 shows that the
dependent variable (zmd + htw)/hst can be satisfactorily estimated by Equation (9).
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0.7; 0.33 ≤ pc/B ≤ 0.5; 0.2 ≤ sc/B ≤ 0.6; 1 ≤ n ≤ 3. In Figure 13a,b we show the data points 
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Figure 11. (zmd + htw)/hst vs. Fdeq along with the plot of Equation (9).

4.2. Characteristic Scour Length

Another important scour feature is represented by the maximum axial scour length
lmax. It is worth recalling that lmax refers to the entire scour region including scour forma-
tions in structure vicinity and in the downstream stilling basin (Figure 2a). In addition, if
the scour hole does not occur axially in the downstream stilling basin (e.g., in morphology
Type A), lmax can be assumed to be equal to lmu, which is measured in the longitudinal
section running along the edges of the chevrons in series arrangement. According to [7],
the maximum scour length can be expressed as a function of the maximum scour depth.
Therefore, we contrasted the parameter (lmax + htw)/hst against the parameter (zm + htw)/hst.
Figure 12 shows the aforementioned comparison, highlighting a slight dependence of (lmax
+ htw)/hst on n. Namely, it was found that (lmax + htw)/hst slightly increases with n, (zm +
htw)/hst being constant.
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Based on these observations, the following empirical equation has been derived
(R2 = 0.80):

lmax + htw

hst
= 4.70 exp

[
(0.07n + 0.36)

zm + htw

hst

]
, (10)
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which is valid in the following range of parameters: 2 ≤ Fdeq ≤ 5; 5.26 ≤ B/hst ≤ 8.92;
lst/B = 0.7; 0.33 ≤ pc/B ≤ 0.5; 0.2 ≤ sc/B ≤ 0.6; 1 ≤ n ≤ 3. In Figure 13a,b we show the data
points pertaining to tests conducted with n = 1 and 3, along with the plot of Equation (10).
Overall, we obtained a satisfactory agreement between measured and estimated values of
the variable (lmax + htw)/hst.
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4.3. Maximum Dune Height

Dune formations usually occur in the downstream stilling basin and they are located
either centrally downstream of the structure or in correspondence with the ends of the
structure legs. Dunes are also important since they act as sites of spawning for fishes.
Therefore, based on the same dimensional considerations valid for the parameter (zm +
htw)/hst and considering the simplifications adopted above and the findings of [6,7], we
derived the following predicting equation (R2 = 0.80):

(z′m + htw)

hst
= 0.53 exp

(
0.346Fdeq

)
, (11)

which is valid in the following ranges: 2 ≤ Fdeq ≤ 5; 5.26 ≤ B/hst ≤ 8.92; lst/B = 0.7;
0.33 ≤ pc/B ≤ 0.5; 0.2 ≤ sc/B ≤ 0.6; 1 ≤ n ≤ 3. Figure 14 shows that Equation (11)
satisfactorily predicts the totality of data, regardless of the structure arrangements. Note
that the deviation between measured and calculated data is consistent with most of the
studies dealing with scour-related problems occurring in correspondence with other river
restoration structures [6,7].
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5. Conclusions

In this study, chevron structures were investigated in straight channels under several
hydraulic conditions. Single, isolated chevrons as well as multiple structures located in
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series were tested. Experimental observations allowed us to distinguish three main types
of equilibrium scour morphology, i.e., Types A, B and C. As concerns Type A, a distinct
elongated scour region occurred around the chevrons resulting in the formation of deep
waterways along the channel banks. Conversely, in types B and C, a secondary scour region,
confined by dunes, formed in the downstream stilling basin. Based on such classification,
it was found that the existence fields of different types mainly depend on the equivalent
densimetric Froude number, the parameter ∆y/htw and the number of structures n. Finally,
useful empirical equations were derived to predict the maximum scour depth, the scour
depth in the downstream stilling basin, the maximum dune height and the maximum scour
length. Notably, all the tests were carried out under clear-water conditions. To the best
of author’s knowledge, previous studies dealing with chevrons mainly focused on their
environmental impact and highlighted the beneficial effect of these structures on aquatic
habitat. However, they did not provide tools to predict scour features. Therefore, this
study advances existing knowledge on the topic as, for the first time, design equations and
morphological classifications are presented and validated under a large range of hydraulic
conditions and for different structural configurations. These are unprecedented results that
can be used to estimate the main geometric characteristics of the equilibrium morphology
and allow hydraulic engineers to optimize the design of chevron structures. Further
developments will include the investigation of other parameters potentially affecting the
scour process, e.g., river curvature and other structure configurations.
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