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Abstract: Japan’s rivers are shaped by distinctive topography and abundant rainfall, and they face
flooding and sediment supply escalation concerns under climate change. Small‑ and medium‑sized
rivers tend to catch unprecedented forces that exceed planned levels, leading to substantial widen‑
ing and excavation. Thus, there is a demand for a method that is capable of managing significant
flood flows over an extended period. The spur dike can maintain channel clearance by promoting
erosion as well as providing bank protection. However, the effectiveness of this spur dike function
has not been well studied in small‑ and medium‑sized rivers and curved reaches. In this study, we
evaluate the function of spur dikes in improving channel sustainability based on examples of small‑
and medium‑sized rivers that have maintained their channel for more than ten years after spur dike
installation. First, the applicability of the empirical rule was evaluated by comparing it with actual
cases of erosion depths in curved sections in Japan. Next, one‑dimensional simulations were per‑
formed to evaluate the sustainability of the section over a long period. Finally, a depth‑averaged
morphodynamic simulation, including the secondary flow effect, was applied to evaluate the loca‑
tion of the flow core and elevation changes due to the spur dike. The results showed that a slight
difference in the ratio of river curvature radius to river width (r/B) caused the river channel to be
erosive and sedimentary. The reasons for the difference were the cross‑sectional expansion caused
by the excavation of the bend and the difference in the plane flow regime caused by the shift of the
flow core to the inside of the bend. Although it is structurally challenging to reproduce localized
scour around a spur dike in a depth‑averaged simulation, it is essential for designing to apply the
simulation model and combine empirical knowledge.

Keywords: spur dike; channel sustainability; sedimentation; upstream; small‑ and medium‑
sized river

1. Introduction
Floods are one of the most common disasters [1,2]. Intense and frequent heavy rains

due to climate change will bring a need to change how disaster management has been car‑
ried out in the past. Japan addressed this in the climate change policy titled “River Basin
Disaster Resilience and Sustainability by All” [3]. In river channels, various trials are be‑
ing conducted to achieve long‑term sustainability for planned floods. This study focuses
on installing spur dike operations for sustainable river channel formation in the meander‑
ing sections of small‑ and medium‑sized (SMS) rivers in the rainy mountainous regions of
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Shikoku Island, Japan. This system was installed with channel excavation for flood con‑
trol measures (Figure 1). Even though there are concerns with respect to sedimentation,
spur dikes can operate within the channel’s space to control flood flow. The sediment
deposition was suppressed approximately ten years after construction, and the river chan‑
nel condition remained suitable from both flood control and environmental perspectives.
However, there are differences in applicability. Sedimentation created a relatively shallow
channel in another section where a spur dike was installed.
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Figure 1. Photographs of the river channel’s installed drystone spur dikes in the reaches of curve A
(a–d) and curve B (e–g) from 2011 to 2021.

This study examined the effectiveness of spur dike groups in controlling sediment de‑
positions in small‑ and medium‑sized river bends by comparing the two different reaches.
Specifically, we compared sedimentation conditions based on field investigations andmor‑
phodynamic simulations. The simulations included a long‑term evaluation based on one‑
dimensional calculations and a local evaluation based on two‑dimensional fluvial fluctua‑
tion calculations. Based on these results, we discuss the key to the implementation of spur
dikes in order to attain channel sustainability.

1.1. Characteristics of Rivers in Japan
Japan is located in one of the world’s most uplifted zones, where relatively new strata

with low consolidation slopes are observed [4]. This generates various rivers with steep
slopes compared with other countries [5,6]. The uplift of land also formed meandering
rivers due to the rejuvenation of land. Because of its topography, various countermea‑
sures are required for flood protection, resulting in a unique flood protection philosophy
and technique in Japan’s history [7]. In mountainous rivers, the substantial longitudinal
variability of a channel’s geometry is common with respect to longitudinal variations in
rock resistance, glacial history, and hillslope stability [8]. It is also affected by the geo‑
logical type and structure of the riverbed [9,10], tectonic and glacial history [11,12], large
woody debris supply [13], and sediment supply due to local collapse [14].

Japan is a part of the monsoon area of Asia and receives an average annual rainfall
of approximately 1600 mm. The southern part of Japan, which faces the Pacific Ocean,
receives an annual rainfall of 4000 mm, and some areas experience daily rainfall of up to
1000 mm in severe situations. This region has been historically prone to catastrophic ty‑
phoons, leading to severe disasters [15,16]. Recently, linear rain bands have frequently
caused severe floods, resulting in intense rainfall of over 100 mm/h [17]. The national gov‑
ernment reported a 1.1‑time increase in rainfall and a two‑time increase in the frequency
of rainfall events over 50mm/h under the RCP8.5 scenario [18]. Tachikawa et al. [19] found
that under the RCP8.5 scenario, the 200‑year probable annual maximum 24 h rainfall and
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flood discharge for the Arakawa, Shonai and Yodogawa Rivers flowing through Tokyo,
Nagoya, and Osaka are 1.3–1.5 times and 1.5–1.7 times, respectively. There are also con‑
cerns about excessive sediment supply to rivers, with studies estimating an increase in
sediment supply in the RCP8.5 scenario of 3.2–6.7 times [20,21].

1.2. River Improvement in Mountainside SMS Rivers
Flood control measures in the upstream reach are divided into erosion control and

river improvement, and they are managed separately in Japan [22]. Among river improve‑
ment measures in the upstream reach, structural measures include the prevention of river‑
bank collapse and riverbed scour by installing revetments, drop structures, and bed protec‑
tion works. Erosion control measures include check dams, concrete channels, girdles, and
driftwood traps. Continuous implementation has been carried out to improve slope sta‑
bility. However, implementing these measures has resulted in decreased sediment supply
to riparian environments. To address this issue, permeable check dams have been intro‑
duced, which allow fine sediments to pass through [23]. In the river channel, measures
such as bank revetments and riverbed girdles are standard. In the mountainous Kuma
River Basin, approximately 20% of the riverbank has been installed revetment [24]. The
sediment is deposited in the mild slope bed, which requires continuous excavation. The
management of mountainous SMS rivers is generally handled by prefectural (local) gov‑
ernments. These rivers are mostly located in the countryside and have steep terrain. The
total length managed by the local government is approximately 113,000 km [25], which
accounts for 91% of the total. These rivers were altered for flood protection during the
high‑growth period [26]. Due to the need to deal with many rivers within a short period
of time, they were designed using uniform standards, resulting in a straighter and deeper
shape, losing their environmental aspect [5].

The flood safety level of SMS rivers is generally lower than that of large rivers, such as
Class A rivers, in Japan. The planning level of SMS rivers usually ranges from 1/10 to 1/50,
whereas that of Class A rivers ranges from 1/100 to 1/200. When disasters occur in SMS
rivers, they often face an unprecedented force that significantly exceeds that anticipated at
the planning level. For an extreme example, during the heavy rain in 2019 in the Akatani
River in Northern Kyushu, which has a catchment area of 20.1 km2 and a planning level
of 1/30, the rainfall return period was estimated to be 1/300 [17]. Japan’s disaster recovery
principle comprises the prevention of reoccurrence. Therefore, once a river experiences
a catastrophe, it often widens by several times its original width, which increases flood
capacity in the short term, but this leads to channel degradation as sediment deposition
and vegetation growth are enhanced for a medium to long period of time.

In response to the severe 2018 disaster in western Japan, the Japanese government
created a “Three‑Year Emergency Response Plan for Disaster Prevention, Disaster Mitiga‑
tion and Building National Resilience”. Additionally, a five‑year project starting in 2020
was developed [27], which included a large budget for river channel excavation across the
country, even in SMS rivers that had not been excavated in a long time [28]. On the other
hand, this accelerated alteration was criticized for causing damage to the riverine envi‑
ronment [28] and potentially compromising the long‑term resilience of flood protection
measures. In general, channel excavation is an environmentally burdensome method that
results in the destruction of habitat structure. Currently, there is a need to find amethod of
riverbed excavation that includes the conservation and restoration of habitats. This puts
flood control in Japan in a difficult position, balancing short‑term and long‑term effects
while contending with changing conditions due to climate change.

1.3. Spur Dike Applications
Riverbank protection is an important method of preventing inundation due to levee

breaches [29]. Conventionally, this approach maintains channel form and imposes a pre‑
determined channel morphology fixed by structures designed to limit bank and bed ero‑
sion [30]. Typical examples of works for riverbank protection are revetments, dikes, and
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gabions [31,32]. The use of spur dikes has been studied as a solution for balancing flood
control and environmental improvement [33]. Spur dikes are structures that are built per‑
pendicular or diagonally to the river channel, mainly in the middle and lower reaches of
rivers, to prevent riverbank erosion [34]. They were first introduced in Japan by Dutch
engineers in the 1800s (Meiji era) and were used for the channelization of large rivers in
low‑lying areas, like the Kiso River [5,35]. They were later introduced to steep rivers on
alluvial fans, like the Kurobe River [36]. Traditionally, wooden triangular pyramidal struc‑
tures called “Seigyu” have been used for riverbank protection [37]. The spur dike can be
divided into permeable and impermeable, and the impermeable can be further divided
into overflow and non‑overflow spur dike. The type of spur dike is often selected based
on the gradient of the riverbed. Impermeable spur dikes such as concrete blocks, heavy
square weight, or triangular pyramid blocks are used for steeper rivers. Permissive spur
dikes, such as wooden sunken beds or piles, are often used for mild rivers.

The use of spur dikes can reduce the negative environmental impacts of revetment
blocks, like the increase in riverbank velocities [38]. They also can create diverse flow
regimes near and around them, which can contribute to suitable habitat formation [39].
For example, Fukudome et al. [40] studied practical methods for creating pool habitats us‑
ing drystone‑made spur dikes in straight low‑flow channels. In North America, upward
submerged spur dikes called stream barbs were implemented for environmental restora‑
tion in channelized rivers [41,42].

Another function of spur dikes is to shift the thalweg. Relative to this, attempts at
sediment control in channels have been carried out. Case studies were carried out to
prevent blockage weir intake [43]; prevent low‑ and high‑flow channel separation using
notch‑installed spur dikes [44]; and maintain common flow channels with spur dikes on
both channel sides [45]. However, only some studies for channel sedimentation preven‑
tion with spur dikes have been conducted in SMS rivers. A previous survey showed that
95% of spur dike implementation for disaster recoverywas carried out in rivers wider than
25 m [46].

Regarding technical regulations in Japan, the guideline [47] states that the typical ge‑
ometry of a spur dike to shift the flow core should be about the depth of the planned flood
conditions, and the spacing of the spur dike should be 1/2–1/3 of the length of the sand‑
bar. The cross‑section of the spur dike is usually perpendicular with a slope of 1:1 to 1:1.5.
Standards in the U.S. recommend that the spacing is about 1.5–3.3 times the length and the
angle is up to 15 degrees upward. In terms of the length of the spur dike, it should be up
to 20% of the river’s width [48], whereas 10% is recommended in Japan [49]. Such short
lengths often introduce limited effects, except for the prevention of sedimentation at the
bank. This is a result of economic efficiencywith respect to the bank protection effect; how‑
ever, contributions that are provided by preventing channel sedimentation should also be
considered. Also, sedimentation often occurs in the curved section due to point bar forma‑
tion. However, past field implementations mainly focused on straight reaches, except for
experimental studies.

Many experimental and theoretical studies have been conducted on the functions of
flow control systems, focusing on riverbed variation, including local scouring, and the
effects of reducing flow velocity [33,50–52]. However, these studies were conducted on
low‑gradient channels and rivers, and there are very few theoretical studies and monitor‑
ing of introductions on steep‑gradient rivers. In particular, the need for research on the
installation of spur dikes with bed gradients of 1/200 or more has long been pointed out,
but until now, there has been no technical systematization regarding the introduction of
spur dikes for rivers with steep gradients [52]. Therefore, when designing the structure
of the spur dike, it is necessary to consider the characteristics of the river channel and the
sediment transport at the installation sites on a case‑by‑case basis.

The goal of this study is to establish techniques for sustaining channel space using
spur dikes inmountainous SMS rivers and to clarify the effectiveness of spur dikes installed
in bends of steep gradient rivers in maintaining river channels through field surveys and
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numerical simulations. Until now, knowledge of spur dikes at river channel bends in steep
gradient rivers has been extremely limited, and no case has been found in which the instal‑
lation of such works in a real river has been monitored. The results of this study provide
important knowledge for river channel maintenance in the monsoon Asian region, where
sediment production is active and flooding is currently on the increase.

2. Site Description and River Work Concept
2.1. Study Site

The study’s site is the Hiromi River (32.85115◦ N, 132.72594◦ E, Basin area: 10.29 km2)
in the southwestern part of Kochi Prefecture, Shikoku Island, Japan, as shown in Figure 2a.
The river is a typical countryside SMS river located on a well‑developed incised meander‑
ing section (Figure 2b). The annual rainfall is approximately 2093 mm at Sukumo JMA
station, 8.3 km from the site, and its gradient is on average 1/200. The representative grain
size is approximately 37 mm.
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Figure 2. Maps of study sites. (a,b) Location of Hiromi River Basin and (c) target reach. Both side
arrows indicate the range of target reaches; the circle end line indicates the positions of the represen‑
tative cross‑section and red lines represent spur dikes in (c).

The channel geometries of the target sections are shown in Table 1. Representative
flood depth H is calculated from the estimated flow rate for 1/2 of the rainfall probability
scale, corresponding to the average annual maximum flow rate. There are two curved sec‑
tions, named curves A and B, and they are located next to straights A and B (Figure 2c). As
shown here, r/B (curvature radius–river width ratio) is smaller, and B/H is larger in curve
B, indicating that curve B has a sharper bend and is wider than curve A. In these sections,
stone spur dikes (red lines in Figure 2c) are installed on the outer banks for channel man‑
agement against sedimentation and vegetation after river channel excavations. They were
installed in 2011 in straight A and curve A and 2017 in curve B, except for the N7 dike,
which was completed in 2018. The excavation in straight B was completed before 2011.

2.2. Concept of Target Work with Spur Dikes
As shown in Figure 2a, low flowwidths before excavationwere narrowed by the sand

bar’s expansion and vegetation, which mainly comprises Phragmites japonica Steud vine
reeds. Therefore, simple excavations would lead to the same problem. Also, we had to si‑
multaneously maintain a suitable riverine habitat while retaining clearance for flood flow.
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Table 1. Characteristics of the subject section of the Hiromi River.

Section Bed
Gradient: I

Channel
Width: B

(m)

Representative
Flood Depth: H

(m)
B/H BI0.2/H

Curvature
Radius: r

(m)
r/B

Curvature
Angle: q
(deg)

Straight A

1/200

15.7 1.75 9.0 3.1 ‑ ‑ ‑
Curve A 24.1 1.37 17.6 6.1 61.0 2.5 133.0
Curve B 29.4 1.21 24.3 8.4 41.0 1.4 112.0
Straight B 24.1 1.32 18.2 6.3 ‑ ‑ ‑

Note: Representative flood depthH is calculated from the estimated flow rate for 1/2 the rainfall probability scale,
corresponding to the average annual maximum flow rate.

The first step in planning was to identify and preserve the essential pools. In the de‑
sign stage, we assumed the location of the thalweg and the distribution of riffles and pools
based on the channel platform and varied the riverbed’s height and low‑flow channel’s
width. To keep the flow pathway, spur dikes were installed in curved sections to prevent
sediment deposition in the inner bank, and the low flowwidthwaswidened by local scour‑
ing at the tip of spur dikes.

Table 2 lists the specifications of the installed spur dikes. Fourteen dry stone, semi‑
permeable, submerged spur dike units were used, and groups of five or four units were set
on the outer banks of curves A and B. The effective length lg ranged from 1.5 to
12.9 m, and the mean height above the riverbed (hg) ranged from 0.15 to 1.0 m. The ra‑
tio of the spur dike’s length to the river’s width, lg/B, is 0.09 to 0.44, which is longer than
the standard value of 0.1 in Japan. At the site, higher and shorter spur dikes are set up‑
stream, and lower and longer spur dikes are set downstream to prevent the inflow of
large grains and stones; these structures also help low‑flow channel management via flow
accelerations downstream.

Table 2. Spur dike specifications in the district of Hiromi River.

Spur Dike
Name

Type of
Structure

Ground Level
of Crest
(m)

Effective
Length: lg

(m)

Height: hg
(m) lg/B hg/H

Curve A

M4 Type I 24.34 2.50 1.00 0.10 0.57
K1 Type L 23.79 6.00 0.50 0.25 0.29

N6 Upward
Type I 23.51 6.80 0.15 0.28 0.09

M2 Type I 24.04 1.50 1.00 0.06 0.57
N12 Type I 23.51 1.50 0.50 0.06 0.29

Curve B

M1 Type I 22.94 1.50 1.00 0.05 0.83

N15 Upward
Type I 22.55 7.00 0.50 0.24 0.41

K2 Type L 22.45 12.90 0.50 0.44 0.41

N7 Upward
Type I 22.13 10.25 0.15 0.35 0.12

3. Methods
3.1. Topographic Survey

The morphological changes in the target section were examined during field surveys
and simulations. Field topographies were obtained by carrying out in situ surveys using
optical instruments (S910, Leica geosystems, Heerbrugg, Switzland) and photogrammetry
with an RTK‑GPS‑mounted UAV (Phantom 4 RTK, DJI, Shenzhen, China), taking aerial
photos in November and December 2021. Past conditions before and just after the con‑
struction were obtained from plainer and lateral design drawings. The vertical accuracy
of RTK‑GPS‑equipped UAV photogrammetry is about 6 cm [53]. These topographic data
were used for the initial conditions of simulations. The grain size was examined via imag‑
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inary analyses using riverbed photos taken in the reaches of the river and BASEGRAIN
software ver.2p3 [54].

3.2. Applicability of the Empirical Rule
Using topographic data, the ratio of the maximum water depth in the curved section

to the maximum water depth in the straight section was obtained (Hmax/Hmaxs). To dis‑
cuss channel curvature and erosion depth, we compare the relationship between r/B and
Hmax/Hmaxs of the targeted A and B sections, including data from previous studies [55] in
the countryside SMS rivers in Japan, and the dashed line represents the empirical relation‑
ship [56].

3.3. Morphodinamic Simulation
3.3.1. Outline

One‑dimensional (1D) and two‑dimensional (2D) morphodynamic simulations were
conducted. One‑dimensional simulations were used to evaluate the long‑term character‑
istics of the riverbed’s evolution. Although 1D simulations cannot accurately represent
flow characteristics in curved sections, they offer superior long‑term computational stabil‑
ity. Here, we used the model to evaluate the mid‑ to long‑term effects of cross‑sectional
modifications via channel excavation.

Two‑dimensional simulations were used to evaluate local sedimentation and scour‑
ing phenomena caused by curvatures and spur dikes. The model incorporated installed or
uninstalled spur dike conditions. To evaluate the effect of near‑bottom velocity accelera‑
tion due to the secondary curvature, additional schemes were used in the hydraulic model.
Note that, even with such a model, representing the local secondary flow around the spur
dikes is difficult [57,58]. It is also known that in curved rectangular open channel flows,
the main flow’s velocity shifts toward the inner bank in steep bends with a small curvature
radius to river width ratio (r/B) and toward the outer bank in slow bends with a large r/B.
It is pointed out that more is needed in addition to the corrected 2D plane calculation in
order to reproduce the flow around steep bends. On the other hand, as the riverbed be‑
comes less flat due to progressive bed fluctuations, the flow analysis results using the 2D
planar model and 3D analysis are similar [59]. In this study, we are mainly interested in
the behavior of fixed sandbars near the spur dikes rather than the local scour around the
water control system; thus, we decided to apply the 2D model.

Regarding the calculation conditions, we used the same conditions for the initial bed
level, sediment size, and Manning roughness coefficient. However, the input discharge
from the upstream end differed between the 1D and 2D simulations. The discharge as a
boundary condition was based on hourly rainfall data at the Sukumo station and rational
equations. The initial bed level was set on the basis of the designed shape of the river
corridor, assuming it to be in a form after construction. Manning’s roughness coefficient
n is set to 0.03 (m−1/3 s), determined based on the observed median grain size and field
situation. For sediment transport simulations, we applied a uniform particle model to this
site and a bedload transport model under an equilibrium assumption in both the 1D and
2D simulations in all domains, even at the boundary. The sediment size in the simulations
was set to 37 mm based on field data.

3.3.2. One‑Dimensional Model
A 1D morphodynamic simulation model called Nays1D+ included in iRIC Software

ver.4.0 [60] was applied. The model was structured to divide the cross‑section into several
blocks, and the 1D unsteady flow analysis method was applied to each block [61].

In this research study, the cross‑sectionwas divided into 20 blocks, and computational
nodeswere set at 20m longitudinal intervals. The initial bed level comprised data obtained
just after the 2011 excavation obtained from drawings. The input discharge comprises
data estimations from 2012 to the end of 2021. The downstream water level is given by
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the uniform flow depth. Sediment was treated as comprising uniform particles of 37 mm
based on observations. Suspended sediment was not considered.

The basic coordinate equations in streamwise direction x are shown in
Equations (1)–(3) as follows:

(1D Unsteady Continuity Equation)

∂A
∂t

+
∂Q
∂x

= 0 (1)

(1D Momentum Equation)

∂Q
∂t

+
∂vQ
∂x

+ gA
∂H
∂x

+
gn2Q
R4/3 A

= 0 (2)

where A is the cross‑sectional flow area; t is time; Q is flow discharge; v is the averaged
velocity; g is the gravitational acceleration; H is thewater level; n is theManning roughness
coefficient; and R is the hydraulic radius.

In this model, the calculation is performed by dividing the model into j sections in
the cross‑sectional direction. The final equations of motion organized by introducing the
relaxation coefficient are shown in Equations (3) and (4) as follows:

∂Q
∂t

+
∂βvQ

∂x
+ gA

∂zs

∂x
+ gAI f = 0 (3)

β =
A ∑N

j=1
1

nj
2 hj

7/3∆yj(
∑N

j=1
1
nj

hj
5/3∆yj

)2 , I f =
Q2(

∑N
j=1

1
nj

hj
5/3∆yj

)2 (4)

where β denotes relaxation coefficients; N is the number of blocks that divide the cross‑
section; ∆y is the block’s width; and j denotes the suffix of blocks.

Bed load transport was considered in the bed load transport model using Ashida and
Michiue’s model [62], as shown in Equation (5).

(Ashida–Michiue’s bed load flux formula)

qb√
sgd3

= 17τ′∗3/2
(

1 − τ∗c

τ∗

)(
1 − u∗c

u∗

)
(5)

where qb denotes the bedload flux (m3/s); s is the specific submerged gravity of grain
(=1.65); d is the grain diameter (m); τ∗ is the Shields number (=u∗2/sgd); τ′∗ is the effective
Shields number (=u′∗2/sgd); and τ∗c is the critical Shields number (=u∗c

2/sgd). τ′∗ = τ∗
because the significant formation of riverbed dunes was not observed.

The bed height’s change is calculated using the one‑dimensional Exner equation
(Equation (6)) as follows:

(1D Exter formula)
∂zb
∂t

+
1

1 − λ

1
B

d(qbB)
dx

= 0 (6)

where zb denotes bed height and λ denotes porosity.
The critical traction force for sand particles of each size can be calculated using Iwa‑

gaki’s formula [63], as shown in Equation (7).
(Iwagaki’s critical tractive force formula)

d ≥ 0.303 [cm]; u∗c = 80.9d
0.118 ≤ d ≤ 0.303 [cm]; u∗c = 134.6d31/32

0.0565 ≤ d ≤ 0.118 [cm]; u∗c = 55.0d
0.0065 ≤ d ≤ 0.0565 [cm]; u∗c = 8.41d11/32

d ≤ 0.0065 [cm]; u∗c = 226d

(7)



Water 2024, 16, 575 9 of 20

3.3.3. Two‑Dimensional Model
The 2D simulations were carried out via a morphodynamic simulation model called

Nays2DH, which is included in iRIC Software [64]. It performs 2D depth‑averaged mor‑
phodynamic simulations on the general curvilinear coordinate system grid to allow for the
direct consideration of boundaries, and orthogonal coordinate system data are converted
to the coordinate system in the software. The model also has been applied in many cases
for gravel bed river evolution [65–67].

In this study, the computational grid was set at a size of approximately < 0.5 m to
resolve the spur dikes, as shown in Figure 3. The cells with respect to spur dikes and
riverbank revetments are fixed bed cells. For the boundary flow condition, we focused on
floods that occurred on 10 July 2014 (Qmax = 138 m3/s) because the photographs showed
that the riverbed in curve A became stable after 2014. Past photos showed that outer bank
scouring was observed in 2015 at bend A, and the situation was almost the same as that
in the present condition. The flood in 2014 was the third largest during the period from
construction to 2021, and scouringwas likely caused by this flood. In the simulation, we in‑
put three hydrographs of the 2014 flood to the simulation model to examine sustainability
relative to sedimentation in the target sections. As described in Section 3.3.1, simulation
conditions other than the flow rate, including the initial bed level, sediment diameter, and
Manning’s n, were the same as those used in the 1D model analysis.
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The basic equations in an orthogonal coordinate system (x,y) are shown in
Equations (8)–(10) [65].

(Continuity Equation)
∂h
∂t

+
∂(hu)

∂x
+

∂(hv)
∂y

= 0 (8)

(Momentum Equations in the x and y directions)

∂(uh)
∂t

+
∂
(
hu2)
∂x

+
∂(huv)

∂y
= −gh

∂H
∂x

− gnm
2u
√

u2 + v2

3
√

h
+ Dx (9)

∂(vh)
∂t

+
∂(huv)

∂x
+

∂
(
huv2)
∂y

= −gh
∂H
∂y

− gnm
2v
√

u2 + v2

3
√

h
+ Dy (10)

where h is the water depth; t is the time; u and v are depth‑averaged velocities in the x and
y directions, respectively; g is the gravitational acceleration; and H is the total water depth.
In the model, the bottom friction was set using Manning’s roughness parameter nm. The
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basic equations of two‑dimensional plane flow at orthogonal coordinates are transformed
into general coordinates (ξ, η).

The diffusion terms in the x and y directions are described as Equations (11) and (12),
respectively. Here, νt is the eddy viscosity coefficient given by a turbulence model called
the zero‑equation model, as described in Equation (13) as follows:

Dx =
∂

∂x

[
νth

∂u
∂x

]
+

∂

∂y

[
νth

∂u
∂y

]
(11)

Dy =
∂

∂x

[
νth

∂v
∂x

]
+

∂

∂y

[
νth

∂v
∂y

]
(12)

νt =
κ

6
u∗h, u∗ =

√
gnm2

3
√

h
(u2 + v2) (13)

where κ denotes the Kàrmàn coefficient (=0.4) and u∗ denotes bottom friction velocity (m/s).
In riverbed transportation calculations, we used the Ashida and Michiue model [63]

for bed load transport qb estimations, as described in Equation (14).

qb√
sgd3

= 17τ′∗3/2
(

1 − Kc
τ∗c

τ∗

)(
1 − Kc

u∗c

u∗

)
(14)

The effective Shields number is given by τ′∗.

u′∗2 = τ′∗ ∗ sgd =

(
u2 + v2)(

6 + 2.5ln h
d(1+2τ∗)

)2 (15)

The total bedload transport is divided into the contravariant form of bedload fluxes
in ξ and η directions (q̃b

ξ , q̃b
η) by considering the effect of secondary flows relative to the

velocity field near the riverbed and the local bed slope effect relative to the sediment’s
transport direction. For the calculation of bedload fluxes in ξ and η directions, we used
the Watanabe model [68], as described in Equation (16) as follows:

q̃b
ξ = qb

[
ũb

ξ

Vb
− γ

(
∂z
∂ξ̃

+ cosθ ∂z
∂η̃

)]
q̃b

η = qb

[
ũb

η

Vb
− γ

(
∂z
∂η̃ + cosθ ∂z

∂ξ̃

)] (16)

where ũb
ξ and ũb

η are flow velocities near the riverbed in ξ and η directions, respectively,
Vb is the composite velocity near the riverbed, and θ is the angle formed by the ξ and η axes.
γ is a correction coefficient for the local bed slope effect, which is given by Hasegawa [69].

In the calculation of near‑bed velocity under the effect of the 1st kind of secondary
flow, we used the Engelund model [70]. The model applied simple relation with depth‑
averaged velocityV for near‑bed velocity along streamline, and that of transverse direction
was calculated from the velocity.

ũb
s = βV

β = 3 1−σ
3−σ , σ = 3

ϕ0κ+1 , ϕ0 = V/u∗
(17)

ũb
n = ũb

sN∗
h
rs

(18)

where ũb
s is the near‑bed velocity along the streamline of the depth‑averaged flow, ũb

n is
the near‑bed velocity in the transverse direction; rs is the curvature radius of the streamline;
and N∗ is a constant (=7; [70]).
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The bed’s height change is calculated via the two‑dimensional Exner equation, in‑
cluding only the bed road transport, which is described in the general coordinate system
as follows:

(2D Exter formula)
∂z
∂t

+
1

1 − λ

[
∂qbx
∂x

+
∂qby

∂y

]
= 0 (19)

where is time, z is the riverbed elevation, qbx and qby are bedload fluxes in the x and y
directions, and λ is porosity.

4. Results and Discussions
4.1. Changes in Morphology

Figure 3 shows a comparison of representative cross‑sections before alterations,
planned cross‑sections (generally after excavation), and the results of the 2021 survey. In
curve A, where the low flowwidth narrowed, as shown in Figure 3b, sediment deposition
was observed on the inner bank side as of 2021, but the riverbed’s height was lower than
that before construction. The lowflowwidthwas 7m compared to 1mbefore. The thalweg
previously located at the center of the cross‑section shifted outward due to the erosion that
occurred along the outer bank. This also contributed to forming a pool habitat. Thus, we
found that the spur dikes succeeded in controlling the inner bank’s point bar andmaintain‑
ing a low flow width; however, they did not control the bed erosion along the outer bank
in this section. In curve B, no significant bed erosion was observed. Sediment deposition
was found particularly at the inner side of the bend’s entrance. This indicates that the spur
dike worked differently in this section. The flood in 2018 exhibited the largest magnitude
since 2011. However, past photographs show that sedimentation was not significant in
2019 and that it was higher in 2021 (Figure 4c).
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(a) straight A (#50), (b) curve A (#42), (c) curve B (#27), and (d) straight B (#25).

4.2. Applicability of the Empirical Rule
To discuss channel curvature and erosion depth, we compare the relationship be‑

tween r/B andHmax/Hmaxs of the targetedA andB sections in Figure 5. A bendwith r/B < 10
is considered steep, indicating extra erosion (Hmax/Hmaxs > 1) caused by the bend. The two
targeted curves, A and B, have r/B values of 2.5 and 1.4, indicating steep bends. However,
significant erosion occurred in curve A and not in curve B, resulting in significant differ‑
ences in Hmax/Hmaxs values. Curve A aligns with previous measurements, while curve B
is an outlier.
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Figure 5. Relationship between the curvature radius–river width ratio (r/B) and the maximumwater
depth in the curved section—the maximum water depth in the straight section ratio (Hmax/Hmaxs).
The plots include data from previous studies [55] in the countryside SMS rivers in Japan, and the
dashed line represents the empirical relationship. Reprinted/adaptedwith permission fromRef. [56];
2010, Gihodo Shuppan, Tokyo, Japan.

As mentioned later in Section 4.5.3, in sharply curved flows on the rectangular cross‑
section, themaximumvelocity occurs along the inner bank’s side for smaller r/B values and
shifts to the outer bank side for larger r/B values because of a secondary flow of the first
kind [71]. r/B was initially small in curve B and in practice. However, the excavation could
increase the width and create near‑rectangular cross‑section shapes, reducing erosion on
the outer bank side and preventing the formation of deep‑water areas. Thus, the empirical
rule is valid to some extent for the erosion depth at the curvature, but it should be noted
that slight differences in r/B can lead to very different results.

4.3. Hydrologic Condition
Figure 6 shows the estimated discharge from 2012 to the end of 2021 as blue dots.

The graph also shows the magnitude of rainfalls that have 1/2, 1/10, 1/50, and 1/100 return
periods. As shown in the result, relatively large flows were estimated to occur in 2014
(return period: RP ≓ 1/20), 2018 (RP ≓ 1/100), and 2021 (RP ≓ 1/20), which were over the
1/10 level but below the 190m3/s planning level. Using this hydrograph condition and bed
load transport equation (Equation (5)), the average annual bed load inflow was estimated
to be 1200 m3 (maximum 3700 m3).

Water 2024, 16, x FOR PEER REVIEW 13 of 21 
 

 

could increase the width and create near-rectangular cross-section shapes, reducing ero-
sion on the outer bank side and preventing the formation of deep-water areas. Thus, the 
empirical rule is valid to some extent for the erosion depth at the curvature, but it should 
be noted that slight differences in r/B can lead to very different results. 

4.3. Hydrologic Condition 
Figure 6 shows the estimated discharge from 2012 to the end of 2021 as blue dots. The 

graph also shows the magnitude of rainfalls that have 1/2, 1/10, 1/50, and 1/100 return 
periods. As shown in the result, relatively large flows were estimated to occur in 2014 
(return period: RP ≓ 1/20), 2018 (RP ≓ 1/100), and 2021 (RP ≓ 1/20), which were over the 
1/10 level but below the 190 m3/s planning level. Using this hydrograph condition and bed 
load transport equation (Equation (5)), the average annual bed load inflow was estimated 
to be 1200 m3 (maximum 3700 m3). 

 
Figure 6. Discharge and bed level change at bend A (cross-section #42) and bend B (cross-section 
#27) based on 1D morphodynamic simulations. 

4.4. One-Dimensional Simulation 
Figure 6 also shows the estimated bed level change at the center of the channel for 

the representative cross-sections of curves A and B from 1D morphodynamic simulations. 
Note that the boundary condition of the simulation was the flood flow from 2012, but since 
bend B was almost completed in 2018, the estimation in this range is the hypothetical re-
sult. The results showed that significant sedimentation was simulated during the initial 
flooding and that sediment continued to accumulate consistently thereafter. After several 
floods, curve A reached a stable condition, with a smaller increase in the riverbed and no 
sedimentation, even during large floods. The photographic history shows that in curve A, 
the river was in a state in 2015 that was not significantly different from that in 2021, which 
is consistent with the calculation results.  

However, in curve B, the riverbed continued to rise with each flood, and the final bed 
level reached a higher level than curve A’s bed level. This difference can be attributed to 
the larger width of curve B. The photographic history shows that sediment deposition was 
not significant in 2019 but was more pronounced when the site was checked in the winter 
of 2021. This is not consistent with the results of the analysis. 

4.5. Two-Dimensional Simulation 
4.5.1. Model Validation 

Figure 7 shows the results of elevation change after the first flood flow obtained using 
two-dimensional morphodynamic simulations that compare cases in which spur dikes 

Figure 6. Discharge and bed level change at bend A (cross‑section #42) and bend B (cross‑section
#27) based on 1D morphodynamic simulations.



Water 2024, 16, 575 13 of 20

4.4. One‑Dimensional Simulation
Figure 6 also shows the estimated bed level change at the center of the channel for

the representative cross‑sections of curves A and B from 1D morphodynamic simulations.
Note that the boundary condition of the simulation was the flood flow from 2012, but
since bend Bwas almost completed in 2018, the estimation in this range is the hypothetical
result. The results showed that significant sedimentation was simulated during the initial
flooding and that sediment continued to accumulate consistently thereafter. After several
floods, curve A reached a stable condition, with a smaller increase in the riverbed and no
sedimentation, even during large floods. The photographic history shows that in curve A,
the river was in a state in 2015 that was not significantly different from that in 2021, which
is consistent with the calculation results.

However, in curve B, the riverbed continued to rise with each flood, and the final bed
level reached a higher level than curve A’s bed level. This difference can be attributed to
the larger width of curve B. The photographic history shows that sediment deposition was
not significant in 2019 but was more pronounced when the site was checked in the winter
of 2021. This is not consistent with the results of the analysis.

4.5. Two‑Dimensional Simulation
4.5.1. Model Validation

Figure 7 shows the results of elevation change after the first flood flow obtained us‑
ing two‑dimensional morphodynamic simulations that compare cases in which spur dikes
were installed. Figure 8 also depicts the estimated cross‑sectional #42 and #27 shapes in
curves A and B, respectively.
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First, we validate a reproduction of themodel by checking Figures 7a and 8a. In terms
of elevation change, the model provided reasonable output, representing scouring at the
tip of upstream spur dikes M4 and K1 and the erosion of the outer bank near downstream
spur dikes N6, M2, and N12 (Figure 6a); the inner sand bar along #42 was estimated well
(deep blue line in Figure 7a).

On the other hand, in detail, the calculated results underestimated the scouring depth
near the bank in curve A, as approximately 1 m of souring depth was observed in the field
survey (Figure 8a, red line). In many cases of overflow/impermeable spur dikes, scour
holes occur at the end and upstream face due to the vertical downward flow. However,
a 2D planar model cannot consider such local 3D flows, although additional schemes are
applied for the secondary flow effect. In addition, we also found that the sediment down‑
stream of the spur dike was finer than that on the bar during the field survey. This may be
a factor in the underestimation. The finer sediments may indicate that the upstream dikes
prevented the large‑sized sediment from entering the section as we planned.
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4.5.2. Spur Dike Effect on Morphology
Next, the effect of spur dikes on the riverbed’smorphology is discussed by comparing

caseswith andwithout spur dikes installed. In the case of installed spur dikes, they control
the accumulation of sandbars on the inner bank. Compared to the case without spur dikes,
the inner bank bar extends about 5 m to the right bank. The thalweg is narrower along the
riverbank. The results after three floods (light blue line in Figure 8) are similar to those
after the first flood, indicating that the spur dike’s control is sustainable for a long period
of time against large floods, such as the one that occurred in 2014 (approximately 1/20 of
a year).

Figures 7b and 8c,d show the results for curve B’s section. Since the river’s improve‑
ment was completed in 2018, this simulation using the 2014 flood does not reproduce cur‑
rent conditions, but it helps assess the sustainability of the river channel. The results for
the spur dike case show that the significant erosion observed on the outer banks of the
bend was not estimated (Figure 7b), which corresponds to the results of field observations
(Figure 8c). Although the sediment deposition did not progress after one flood in curve A,
that of curve B progressed until the second flood. The continuous accumulation of sedi‑
ment corresponds to the results of 1D calculations (Figure 6). Compared to the condition
without spur dikes, there is little difference in the deposition of the inner bank bar, al‑
though the erosion in the vicinity of the spur dike is different. Therefore, the influence of
the spur dike was limited in this section.

4.5.3. Shifting of Flow Core
Figure 9 shows the results of the estimated velocity distribution at the first flood peak.

Figure 10 shows the calculated lateral distributions of the riverbed, water level, and veloc‑
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ity along cross‑sections #42 and #27. The deep solid lines indicate conditions with spur
dikes and the light solid lines indicate conditions without spur dikes. The range of spur
dikes upstream is also depicted.
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According to the results, spur dikes reduce flow velocity in the high‑velocity zone on
the right bank of curve A (Figures 9a and 10a). The width of deceleration is longer than
the length of spur dikes, which is about 10 m from the riverbank. The flow’s shift to the
left bank increased the maximum velocity by 0.18 m/s, and the water level increased by a
maximum of 0.07 m. The water level mainly increases near the flow’s core; thus, it has no
significant impact near the riverbank.

In curve B, on the other hand, the spur dike does not provide a flowvelocitymitigation
zone near the riverbank. The horizontal flow velocity distribution shown in Figure 9b
indicated that the core flow velocity passes through the inner bank (right bank), and no
strong flow acts on the spur dikes. Compared to the case without spur dikes, the flow’s
center is slightly shifted to the inner bank where spur dikes are not installed (Figure 10b),
which can be attributed to the effect of the upstream spur dikes. The flow passing through
curve A is concentrated on the right bank without spur dikes, resulting in concentrated
flows into curve B (Figure 9). This is why the high‑velocity area is found in the opposite
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direction of the spur dike. The spur dikes downstream of curve A also contributed to
shifting the flow’s core to the left bank.

4.5.4. Low Flow Conditions
Figure 11 depicts the distribution of water depths for low flow (0.2 m3/s, observation‑

based) conditions after a flood‑induced morphodynamic bed level change, and the results
were compared with respect to whether spur dikes were installed. In the calculation re‑
sults with a spur dike at curve A, scouring was observed near the tip of the dike. Bed
erosion along the riverbank was also observed in the back half of the bend. However, the
calculation underestimated the extent of observed erosion, whichwasmore extensive. The
calculation with the spur dike did not reproduce the broad and deep thalweg that formed
due to extensive erosion along the revetment. The flow at cross‑section #42 had a surface
width of more than 7 m and a depth of 1 m, suggesting that the erosion that occurs at the
tip of the spur dike—which is reflected in calculation results—together with secondary
flow caused by the bend and local scouring around the spur dike has multiple effects. It
forms a broad thalweg at the reach, which can be expected to provide essential habitats for
organisms due to its conditions as a pool.
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In curve B, no significant erosion was predicted along the outer bank, which corre‑
sponds to the field result. As mentioned before, this is because the main flow of the steep
curve was toward the inner bank, and the effect of the spur dike was small. However, the
calculated scour depth at the tip of the spur dike is deeper than the actual depth.

4.5.5. Limitation of the Simulation
The flow and riverbed morphology around a spur dike have a structure with three‑

dimensional solid characteristics. However, in practice, three‑dimensional simulation can
be applied only to a localized area around the structure. For this reason, methods for de‑
termining the velocity profile near the bottom based on the results of 2D planar analysis,
such as the one used in this study, or quasi‑3D analysis, which assumes a hydrostatic pres‑
sure distribution and performs approximate calculations, have been investigated. How‑
ever, as long as the hydrostatic pressure approximation is applied, flows caused by non‑
equilibrium pressure, such as downward flows in front of a structure due to impinging
flows, cannot be solved. In this study, the erosion in front of the spur dike is underes‑
timated because the incremental soil shear force is estimated using the stream curvature
based on a flat two‑dimensional analysis.

Uchida and Fukuoka [58] developed a semi‑direct method to solve the bottom flow
around submerged spur dike groups using the surface velocity and depth‑integral vortic‑
ity equations. The results of the analysis can explain the characteristics of the longitudinal
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bottom profile and sediment volume variation with time for the whole channel with sub‑
merged spur dikes, the characteristics of the local bottom profile around the submerged
spur dike, and the distribution characteristics of the maximum scour depth longitudinally
around the submerged spur dike. The results show that the local characteristics of the
riverbed shape around the submerged channel and the longitudinal distribution of the
maximum scour depth of the submerged channel can be explained. Analytical attempts
to reproduce the vertical velocity distribution within the framework of the plane two‑
dimensional analysis method are continuously carried out. Concrete block revetments are
the most popular method for bank protection because of their well‑established hydraulic
functional evaluation methods. It is essential to disseminate such an efficient and accurate
analysis technique for the broader use of block levees.

5. Conclusions
This study focuses on the effectiveness of installed spur dikes in the excavated bends

of SMS rivers with respect to the sustainability of a river channel. Their effectiveness was
investigated by conducting field surveys and numerical simulations. In conclusion, the
applicability of spur dikes to SMS rivers’ widening bends is discussed.

• Japan’s rivers are unique due to their topography and geological factors, which make
them susceptible to high rainfall, increased flood risk, and sediment supply. During
disasters, these rivers are subjected to unprecedented forces beyond planned levels,
which leads to significant widening and excavation. Methods that can maintain their
shape for extended periods are required for high flood flows. The application of spur
dikes has long been sought in order to strike a balance between flood control and envi‑
ronmental improvement. While some studies have addressed sediment management
in large rivers, there is a need formore understanding of the effectiveness of spur dike
implementation in SMS rivers, especially in curved sections where sedimentation is
likely to occur.

• Although the site in this study experienced many flood events, including near‑
planning‑level floods, the spur dike contributed to the suppression of sediment depo‑
sition, environmental habitat creation, and vegetation growth prevention. However,
it should be noted that the effects of spur dikes vary significantly in the steep bend
section. The factors were found to cause slowdowns due to excavations and the bias
of the flow core as a result of the steepness of curvature. As shown in this study, the
position of the flow core differs significantly in exceptionally sharp bends. Empirical
erosion estimates are valid to some extent but are invalid when r/B is very small.

• Spur dikes in steeply curved reaches can be effective in maintaining channel flow
capacity. However, the spur dike used in this case study is larger than the size in‑
dicated in the guidelines. Therefore, it is important to perform calculations to prove
its safety and effectiveness in maintaining its function. However, even with today’s
state‑of‑the‑art computational techniques, efficient depth‑averaged models are not al‑
ways sufficient to reproduce localized scour around spur dikes. Therefore, it is still
important to make a technical judgment based on a combination of calculations and
empirical rules.
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