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Abstract. Due to a typhoon and a stationary rain front, record amounts of rain fell in September 2011, and the
largest class of discharge in recorded history was observed in the Otofuke River of eastern Hokkaido in Japan,
and extensive bank erosion occurred in various parts of the river channel. Damages were especially serious
in the middle reaches, where part of a dike was washed out. The results of a post-flood survey suggested that
the direct cause of the dike breach was lateral advance of the bank erosion associated with the development
of meandering channels. As the related development mechanism and predominant factors have not yet been
clarified, this remains a priority from the viewpoint of disaster prevention. A past study on the development

of meandering channels was reported by Shimizu et al. (1996). In this study, the meandering channel develop-
ment process was reproduced using a slope failure model that linked bank erosion with bed changes. The study
attempted to clarify the meandering development mechanism in the disaster and its predominant factors by us-
ing this model. The analysis properly reproduced the characteristics of the post-flood meandering waveforms.
Therefore, it is suggested that the development of meandering during the flood attributed to the propagation
of meandering downstream, which is triggered by the meandering flow from the meandering channel in the
upstream, which also suggests that this propagated meandering then caused a gradual increase of meandering
amplitude accompanied by bank erosion in the recession period of the flood.

1 Introduction of this phenomenon is an urgent issue toward developing and
implementing appropriate andfective preventive measures.
Due to a typhoon and a stationary rain front, a record amount A distinguishing feature of this flood is that the extreme
of rain fell in September 2011. Discharge of the largest classlischarge continued for a long time, filling the low-flow
was observed in the Otofuke River of the Tokachi River channel almost to the crest (40 h at the average maximum
basin, and extensive bank erosion occurred in various partgearly discharge of 155%%%), which shows that channel
of the river channel (Figl). In the area near the left bank migration during the flood was dominated by the action of the
of KP18.2 at the middle reaches, where the erosion was thevater flow running through the low-water channel and sug-
most severe, part of the river dike was almost entirely washedests that channel migration was associated with the mecha-
away (Fig.2). Post-flood surveys revealed the direct cause ofnism of sandbar development. Additionally, the flow chan-
the dike breach to be the bank erosion that progressed duringel geometry left after the flood had the pattern of a sin-
the development of meandering flow in the low-water chan-gle low watercourse that extensively meandered between the
nel. However, since the development of meandering flow ondikes due to the erosion of the low-water channel, which
such a great scale was never observed for this river, the meclsuggests that the channel migration was associated with the
anism and dominant factors of this phenomenon are not fullymechanism of meandering channel development. That is to
understood. Clarifying the mechanism and dominant factors
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Figure 1. Bank disaster area (Otofuke River, Hokkaido, Japan).  Figure 2. Situation at the time of bank disaster (7 Sep. 2011).

say, there is a possibility that the development of meander-, i . channel evolution process

ing flows in the flood occurred under the interrelated influ-

ence betwegn the mechanl'sm of sandbar development anéj.l Major external forces and the river channel formation
the mechanism of meandering channel development operat-
ing in the low-water channel.

Previous studies conducted by the authors (blggata et  To estimate the factors that brought about the bank disaster,
al, 2013 addressed sandbar topography as a factor in thehe river channel formation process was investigated in the
development of meandering flow. Experiments and analysesection extending from KP17.0 to KP21.0, which includes
confirmed that the topography of alternating bars can be ahe damaged location. The aerial photos in Bimndicate the
factor in the development of meandering channels. Howevertypical changes that took place in the river channel during the
the phenomenon that occurred in the area around the dameughly 30 year period from the late 1970s to the post-flood
aged bank of the Otofuke River was so dynamic that even theime. The chronological table (on the left) shows river im-
wave number of meandering channels decreased, therefore,grovement work, which is an unnatural external force; major
is difficult to fully explain some aspects of this phenomenonfloods, which are a nature-derived external force; and an im-
only by the development of gravel-bar-derived meanderingage of the meandering channel that developed as a result of
flow. those forces. In this section, large-scale river work was per-

The most dominant factor after sandbar topography is theormed in the 1970s to straighten the low-water channel, and
planar configuration of the riverbank. As confirmed in a this period is marked as a starting point of the river channel
field survey, the riverbank of a low-water channel sometimesformation that has been continuing up to the present. After
forms with an extremely developed sandbar; therefore, therghat, the largest recorded flood took place, in 1981, and it
is no substantial dierence between them as topography- triggered the further development of meandering channels.
derived factors. A sandbar whose wave height has increased Figure 4 shows the flow regime of the period when dis-
to the height of the low-water riverbank is assumed to be-charge decreased during the 1981 flood. The red line rep-
have like a low-water riverbank, in the sense that the sandbaresents the riverbank of the low-water channel along the
redirects the flood flow that runs in the low-water channel. normal line of river channel, and the blue line represents

In light of the above, this study addresses both the sandthe main streamline. At this point, three large meandering
bar topography and the planar configuration of the low-waterparts had already formed in the upstream section (KP18.4—
riverbank and conducts various examinations using numerkKpP21.0), and as shown in Fi@, these flows (hereinafter:
ical analysis toward identifying major factors in damage to M-1, M-2 and M-3 from downstream to upstream) gradu-
this river dike. ally increased the degree of meandering over the period of

30 years.

In addition, due to the state of the river channel in 2005,
river work was again performed to straighten the low-water
channel immediately downstream of KP18.6, where the turn-
ing point of meandering curvature had come close to the
river dike. The upstream side of KP18.6 is surrounded by

process
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Figure 3. Migration history of the river channel (Otofuke River, KP17.0-KP21.0).
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Figure 4. Main streamline and front bank line of the low-water channel during the 1981 flood (recession period).

a floodplain and terraces that have been serving as an enthe downstream section. KP18.4-KP21.0, which is on the
bankment; thus, safety has been ensured. Therefore, largejpstream side, is referred to as Section-1; KP17.0-KP19.0,
scale river improvement work had never been performedwhich is on the downstream side, is referred to as Section-2.
there. Hence, it is reasonable to assume that there was a mhz addition, there is an overlap between two sections, because
jor difference in the state of the river channel between thehe meandering part in M-1 plays a key role in this analysis,
upstream side of the KP18.6 area and downstream side ofhich will be discussed later.

the KP18.6 area. In light of this on-site situation, analysis

was performed separately for the upstream section versus for
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Figure 5. Changes in the configuration of meandering channels (1981-2011, KP17.0-KP21.0).

the planform shape of the riverbank of the low-water channel
induced the development of point bars in M-1, M-2 and M-3.

3 Relation between bend of the normal line in low-
water channels and development of point bars

Given the above background, an analysis was made of
Section-1 (KP18.4-21.0) at first with the aim of evaluating
the relation between the bend of the normal line in low-
water channels and the development of point bars in M-1,
M-2 and M-3. In identifying dominant factors in phenom-
i1 ena that occur in the field, it is more appropriate to conduct
o model tests under simplified conditions than to analyze com-
plex field data. Therefore, the authors had already conducted
a movable-bed hydraulic model test under various conditions
before conducting this study. The reproducibility of the sed-
iment transport formula used in this study was tested on the
basis of measurement values obtained in this model test.
2.2 Watercourse change In the model test, in order to maintain the similarity of
the hydraulic and sediment transport phenomena between the
Figure5 diagrams the horizontal curve of the main stream- site and the model, various experimental conditions in the
line from the aerial photos taken in 1Giirent years overthe model test were set such that the values of the dimension-
past 30 years. The changes from 1981 to 2010 show that thiess quantity (Frr.), which have a dominant impact on both
watercourse shifted repeatedly and irregularly toward the lefjphenomena, would be consistent. This resulted in maintain-
and right banks immediately downstream of KP18.6. In con-ing the similarity of widtly depth ratio, which greatlyfgects
trast, M-1, M-2 and M-3, which are on the upstream side ofthe formation and configuration characteristics of alternating
KP18.6, shifted their phase slightly downstreamward, whilebars, at the same time. However, perfect similarity cannot be
shifting their waveforms forward. Also, M-1, M-2 and M- maintained between the actual river and the model (similar-
3 increased the degree of meandering in a single directionity of the Reynolds number of the particles is not fulfilled).
however, the sandbar remained at an almost fixed positionTherefore, it is unclear how much applicability the sediment
Thus, the upstream side shows changes that are obviouslyansport formula, whose reproducibility was confirmed in
different from those of the downstream side. the model-scale experiment, will have in a full-scale experi-
In general, in a straight river channel, alternating bars tendment. In addition, it is dficult to measure sediment transport
to move along the direction of flow; in a meandering chan-during a flood, which means that it is alséftiult to perform
nel, however, they have the property of remaining roughly comparative verification using measured values.
stationary. Kinoshita found that sandbar movement and lack Given the above, it was determined to be appropriate to
of movement are determined by the meandering wavelengthperform the analysis at a model scale that was confirmed to
the channel width and the meandering angle of the channebe able to reproduce hydraulic and sediment transport phe-
and that the meandering angle has a certain limiting gradienhomena, and then to convert the obtained results to those at
at which sandbars stop moving (e iinoshita et al. 1974). actual scale and discuss the phenomena that occurred at the
As clearly shown in Fig5, the normal line in the low-water actual place. Note that, hereinafter, in order to achieve con-
channel forms a large curvature whose vertex is near KP20.Gsistency with previous studies (e.blagata et a].2013, the
That is to say, the above finding suggests the possibility thatinalysis was conducted at 1: 100 scale; however, in order to

Figure 6. Planform shape of the low-water channel in 1978.
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Figure 7. Definition of the sine-generated curve. ) . .
Figure 8. Discharge hydrographs of the major floods.

facilitate the comparison with the actual site, in this paper,
the numerical values obtained in the calculation results are l
converted into actual measurement values.

Calculate hydraulic quantity
and riverbed variation.

N

T
Riverbed is lowered

3.1 Calculation condition (Section-1)

As the initial condition of the river channel in Section-1, the
channel configuration after the river was channelized into g
straighter channel with only low-amplitude curvature (Fég.
before the 1981 flood) and was simplified as follows. In Slope gradient exceeds the limit gradien
the planform shape of the low-water channel, the norma yes

line in the low-water channel was approximated by the sine-

generated-curve shown in Fig. and the low-water channel

represented by the red line in Fi§.was designed to be a Filver benk roceds to the pextarid endthe
meandering channel with a meandering arfglef 13° and l

river width of 200 m. On the basis of previous survey data,

the cross-section profl.le of the I(_)W-Water Cham?e' was de'Figure 9. Slope failure model (refer to Nays2D solver manual).
signed to have a 2 m-high bank with a slope gradientof 2: 1,

and the riverbed surface was designed to give particle-sized

disturbance to the flat bed. The left and right sides of the

low-water channel were provided with a 100 m-wide flood- 3.2 Calculation model

plain that allows bank erosion, and the entire calculation area

was a movable riverbed. A longitudinal slope of 0.00610 WasThe ar_1a|ysis performed in this_ study used the iRIC river
used, which was the average value for Section-1. analysis software package and its solver Nays2D v4.0 devel-

Incidentally, since a bridge (Otowa Bridge) was built near ©Ped Py Shimizu (e.gShimizy 2003. Governing equations

KP21.0 at the actual site in Otofuke, this point was deter-US€d in the model are a two-dimensional plane, shallow-
mined to be the upstream end of the analysis section, and G0W €quation for the unsteady flow and a continuous flow
straight river channel that did not include curvature was se ormula; .and the amount of riverbed evqunon is calculated
on the farther upstream side as an approach zone and w a sediment transport formula and the continuous formula
connected to the analysis section of sediment transport. Details are omitted here. Please refer

Figure8 compares discharge hydrographs of previous ma-l0 the website of iRICHttpy/i-ric.org/eny) for more infor-

jor floods. The results of the analysis for Section-1 make itmation. In addition, for calculating the sediment transport,

possible to understand the characteristics of bed morphologfrd: &) was used, which was developed on the basis of the
formed by the 1981 flood, in addition to how the riverbed Ashida—Michiue formula by adjusting the daeients of the

responded to the steady flow. The figure shows that the disformula in light of previous experimental results.

charge of the 1981 flood had a scale comparable to the ASWongand Parker showed that the fméent of Meyer-

design-flood discharge. In addition, the 2011 flood fell below Peter and Muller equation is excessive in the past study (e.g.,

the 1981 flood in terms of discharge during peak discharge}/\_/ong and Parker2009, and Lajeunesse and others orga-

however, the 2011 flood exceeded the 1981 flood in terms Oplzed.the cofiicient of §ediment transport equgtion that was
the duration of the average annual maximum discharge. ~ USed in the past (e.d-ajeunesse et 32010, various values
are proposed for the cfigient of sediment transport equa-

tion. Equation L) shows a near value by the Meyer-Peter and
Mauller equation that Wong and Parker showed in comparison

www.earth-surf-dynam.net/2/255/2014/ Earth Surf. Dynam., 2, 255-270, 2014
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to an original Ashida—Michiue formula (c@igient: 17). channels are equivalent to M-1, M-2 and M-3 at the actual
field site along the Otofuke River, and the locations and inter-
Qo = 1371° (1 - E)(l_ T*C), |sgc (1) vals of the meandering channels in the analysis are roughly in
T T accordance with those at the site shown in Bigmeandering
The details are as followsy,, bedload transport rate per channel configurations: 1991-2005, KP18.5-KP20.3).
unit width (n?s™1); 7., dimensionless tractive force;, di- Next, riverbed elevations were compared after discharge
mensionless critical bed shear stress (lwagaki formuda); Wwith the same flow rate as that of the 1981 flood was in-
specific gravity of sand graing, gravitational acceleration troduced for 3 days (red line in Fi@), which is shown in
(m?s71); andd, sand grain size (m). the plan view of the riverbed elevations in Fityl. In the
figure, the blue dotted line represents the configuration of
= 2) the main stream in the recession period of the 1981 flood
6.80 (blue line in Fig.4), and the red line represents the configu-

The grain size of bed material was determined talfye= ration of the main stream during the low-water discharge in
50 mm from the survey results of 2011, and the Manning—1991. The analysis results show that three meandering parts
Strickler formula shown in Eq.2) was used to obtain the (M-1, M-2 and M-3) that had wavelengths of approximately
roughness cdgcient. In setting a condition for sediment 600 m formed at regular intervals in the 1.8 km-long section.
transport it was determined to use only bedload sedimentComparison between the configuration of the flow channels
which was regarded as having the same grain size. shown in calculation results and those in 1981 or 1991 shows

Furthermore, in the present study, a slope failure modethat the locations and intervals of the meandering channels
was used to reproduce the bank erosion phenomenorFig. are roughly in accordance with those in 1981 or 1991.

This model is designed such that the low-water riverbank is  The results above suggest the possibility that the meanders
simulated to collapse naturally when the slope gradient exJormed at an actual location where the point bars were nec-
ceeds a certain limit: thus, the bank erosion phenomenoﬁssar”y brought about due to the curvature of the normal line
is reproduced indirectly by moving the riverbank backward in the low-water channel or the planform shape of the river
to maintain the limiting gradient; at which time the sedi- bank.

ment budget is balanced by backfilling the lower part of

the riverbed with the collapsed sediment. Since the present

model is not intended to physically solve for bank erosion

phenomena, there still remains the challenge that the results

of the analysis depend on the choice of computational gridfactors that led to the formation of the above-mentioned
however, previous studies have proved that the developmerﬁa”dbars will be discussed on the basis of the transition pro-
of meandering flow is able to be reproduced to a certain de €SS of bed morphology during the flood. Figligsshows the
gree. In this analysis, the limiting gradient of the slope is setCalculated river channel formation during the period when
asé. = 25°. Additionally, in all the simulations in this study, discharge was lower in the 1981 flood, and the displayed time
uniform flow depth was given as a boundary condition at theOf each result corresponds to each displayed time of from (1)
downstream edge of the analysis section and sediment bud® (6) in Fig13. The transition process of bed morphology

get at the upstream edge was assumed to maintain a state @¢ring the flood can be roughly described as follows: a sign
equilibrium. of change started to appear on the surface of the riverbed

after the peak discharge, and then multiple-row bars on the
riverbeds changed into double-row bars over time. For the
time period from (5) to (6), dierences in bed morphology
Riverbed elevations after 3 days of steady flow are comparedre found between the section immediately upstream of the
in the plan view of the riverbed elevations in Fid). The fig- bend and the section immediately downstream of the bend
ure shows the elevationftierences of the riverbeds as com- in the river channel. While double-row bars still remain in
pared by using a constant bed slope of 0.00610. Hereaftethe upstream section, the trend toward the development of
elevation diterences are compared in the same manner.  single-row bars is already clearly seen in the downstream
The results shown in the figure suggest that discharge ofection. This is probably because the downstreamward mi-
300 st had a dominant influence on the development of gration of the sandbar was limited at the bend in the river
the meandering flows. Moreover, what should be noted herehannel, which provided conditions better than a straight
is that the locations of the meandering channels (point barsjiver channel for the development of sandbars, and the devel-
formed on the downstream side of the bend of the river chanoped sandbars eventually completely stopped moving, which
nel and at intervals between them. Wavelengths slightly varthen promoted the development of single-row bars. However,
ied depending on the scale of discharge; however, the meit is unknown whether such a phenomenon was taking place
andering channels that have wavelengths of approximatelyn the actual river. But in calculation, it describes the spin-
600 m, formed at almost regular intervals. These meanderingip process in the numerical model as the flow transitions

d1/6
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Figure 10. Analysis results of steady flow in Section-1 (riverbed elevation).

Section-2 KP17.0~19.0 (L=2.0km)

Elevation difference (m)
-1.0 0.0 1.0

--- Main stream (Flood in 1981)

—— Main stream (1991)
——= Low-water channel

—— Levee
—— Revetment

Section-1 KP18.4~21.0 (L=2.6km)

Figure 11. Analysis results of the 1981 flood in Section-1 (riverbed elevation).

from the plane bed through small-scale multiple-row bars toinfluence the development of a meandering channel and the
single-row alternate bars. limiting gradient that stops the migration of sandbars. For
Further, it was observed in this analysis that sandbars irthe calculation condition, that used in the previous analysis
M-1, which formed immediately downstream of the bend, was adopted, and the development of meandering channels
eventually triggered the development of sandbars in M-2after the 3day flood of 1981 was evaluated, with only the
on the upstream side, and those sandbars then gradually imeandering angle being changed within the rangg ef0 ~
creased the degree of meandering. That is, it is considered6°.
that, since point bars that form in the bend area of the river Some examples of the calculation results are shown in
channel can even limit the migration of sandbars on the up¥ig. 14. Additionally, as shown in Figl5, this calculation
stream side, the impact from those point bars will spread fur-condition can allow the trend toward the development of
ther upstream indirectly. single-row bars even in a straight channel (meandering an-
gle 6o = 0°), because single-row bars can develop even in a
straight channel around the peak discharge. Therefore, it is
difficult to extract only the influence that the curvature of
the river channel has on the development of single-row bars;
As already mentioned, the on-site normal line in the low- howe\_/er, itis pogsible to evaluate the influence of thEedi .
water channel has a planform shape with a meandering angl nce in meandering angle on the deve_lopment of meandering
of 6o = 13°. Analysis results suggest the possibility that the ¢ annels_ to some degreg by comparing the develppment of
planform shape of the low-water channel limits the migration m_eanderlng chan_nels using the £|ver channel configurations
of sandbars and induces the development of point bars neg}“th. the meandering angle 65 = 0 as a benghmark. .
the river bend. From this, the next step is to evaluate how Flgure 1.4 shows the general trend in Wh'f:h the nverbed_
differences in the meandering angle of a curved river channe‘fomc'gur"’Itlons become double-row bars with decreases in

3.5 Influence of meandering angle on the development
of meandering channels

www.earth-surf-dynam.net/2/255/2014/ Earth Surf. Dynam., 2, 255-270, 2014
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Figure 12. River channel formation process after peak discharge (1981 flood, KP18.4-KP21.4, Section-1).

800 g _ tion, it was found that large-scale river improvement work
700} {) O Galaresuls (n Fig. 12) had never been performed in this section during the 30 year

3 60l s period and that these three sandbars had remained at roughly

€ s00f RN the same location since the 1981 flood, despite year after year

§ 00t NP of increases in the degree of meandering.

2 a0t B It is believed that a highly developed sandbar is function-
2001 ally equivalent to the riverbank at the low-water channel and
100 can strongly direct flood flow toward the right or the left river

05 2'4 “““ " . bank, and thus it promotes the development of the meander-
Time (hour) ing channels. In other words, the development of sandbars

in M-1 is considered to have had a significant impact on
the bank disaster (near KP18.2) that occurred immediately
downstream. Therefore, in the next step, data obtained from
meandering angle, and in which the trend toward the develS€ction-2 (KP17.0-KP19.0), which includes the sandbars in
opment of single-row bars is observed to become clearer witdV-1 and the area around the damaged location, are analyzed.
increases in the meandering angle. In particular, in the mean-

ders, M-1, M-2 and M-3, which are the colored parts in the ) )

figure, comparatively sharply defined point bars were formed*-1  Pevelopment of point bars in V-1

when the meandering angle was arodpe 10° or more.

Figure 13. Display time of calculation results (1981 flood).

First, in order to model the conditions of the river channels
to be used in the analysis, the details of the development of
4 Propagation of meandering waveforms resulting the point bars in M-1 before the 2011 flood were confirmed.
from the planform shape of the river bank Figuresl6and17 show the conditions of the river channel in
Section-2 based on the laser profiler (LP) measurement data
As mentioned above, the analysis of Section-1 suggests thatbtained in 2006. Figur&6 (left) is a bird’'s-eye view and
the meanders (M-1, M-2 and M-3) that formed in the sectionFig. 16 (right) is a transverse section of M-1, while Fif is
between KP18.4 and KP21.0 are point bars inevitably resulta plan view of the riverbed elevation. In the transverse section
ing from the curvature of the normal line in the low-water of M-1, Bar-1, which formed on the left-bank side, developed
channel. Also, from the history of the river course migra- to the point of completely filling up the low-water channel

Earth Surf. Dynam., 2, 255-270, 2014 www.earth-surf-dynam.net/2/255/2014/
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Figure 14. Development of meandering channels at various meandering angles (1981 flood, KP18.4—KP21.6).

T

r Flat Single bar
05

2005.

Q=700m’s
N

0.05 O, o=200ms line in Fig. 17, was formed on the upstream side of the anal-
1 10 10° ysis section, and a straight river channel with a 100 m-wide
B /H, low-water channel was connected to the section on the down-
Figure 15. Mesoscale bed morphology classification (ekgiroki strea}m side. More mfor_matlon on the planar conﬂ_guratmn of
and Kishi 1983 during the 1981 flood. the riverbank is shown in the uppermost part of FAg.

that is indicated by the red dotted line for 1981, which showsin this analysis, the 2011 flood (3 days), shown in Hi§,.

that solid point bars, whose wave heights were as high as thevas reproduced as an external force, with the purpose of
identifying the dominant factors that triggered the devel-
In this analysis, the terrain model was simplified as muchopment of meandering flows that caused the bank disas-
as possible by extracting only major points of the on-siteter, in addition to the developing process of the meandering
river channel configuration, for the purpose of identifying the flows being examined. The 2 km-long section from KP17.0
dominant factors in the development of meandering flows.to KP19.0 was determined as the section for analysis, and

crest of the riverbank in low-water channel, formed.

www.earth-surf-dynam.net/2/255/2014/

4.2 Calculation conditions (Section-2)

Major points included the following: the low-water channel
on the upstream side of the damaged location was curved
sharply toward the right bank due to the developed point bar
. Doublebar (M-1), and the downstream section still included a straight
channel, since river improvement work was performed in

Thus, a planform-shaped riverbank that was designed to
E imitate the meandering path (M-1), as shown by the dotted
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Figure 16. Development of sandbars before the 2011 flood (LP data: 2006.5, Section-2).

Figure 17. Observed riverbed elevation before the 2011 flood (LP data: 2006.5, Section-2).

an initial riverbed was designed to have a topography imitat-4.3 Calculation results (Section-2) — propagation of

ing the on-site meandering path as described in the previous =~ meandering waveforms

paragraph. For the rest, the calculation condition used for the

analysis of Section-2 was the same as that used for Section-¥ne calculation results and the actual configuration of the
Here, supplementary information is given to show the va-ijyerped measured after the flood are shown in Eig Addi-

lidity of setting KP19.0 as the upstream end of the analy-tjonally, the time display of each result corresponds to those

sis section. In the area near KP19.0, due to the point bargg (1) to (6) and (8) in Fig18.

(M-1 and M-2), the flow running on the left-bank side was  The calculation results confirmed that major changes

maintained even during a flood, and no transverse direcgtarted to take place in the river channel during the discharge-

tion change in watercourse was observed from that showR,crease period after the discharge exceeded 2G0imand

in Fig. 19 ] ] the meandering channels took their general form gradually
In addition, at the site, natural chute cfisooccurred inthe  gyer the period from (2) to (6), around the peak discharge.

meandering flow (M-2; Figsl9, 20) during the flood; how-  The changes that took place from (6) to (8) show that only

ever, there is no major filerence between the cross-sectional the meandering amplitude was increasing during this period,

shape of the river channel near KP19.0 before the flood ang,ccompanied by little change in wavelength and phase.

after the flood. In this analysis, therefore, it is assumed that The pjye lines show the following change that took place

the cross-section profile of KP19.0 (upstream end of calcuyring the period from (2) to (6): the flood flow was re-

lation range) was in a dynamic equilibrium during the 2011 srained in the meander (M-1) due to the curvature of the

flood. low-water riverbank, which led to the meandering flow be-

ing maintained during the flood. It is considered that, since
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Figure 18. Time display of calculation results (2011 flood).

Flow N\

| 2010 (Before the 2011 flood)

Figure 20. New flow channel caused by the chute d¢tgan M-2.

KP18.4

that the calculation results and the measured data are almost
identical in terms of the characteristics of meandering flow
(wavelength, amplitude). In particular, there are many sim-
ilarities between the riverbed configuration of (8) and that

Bank erosion place

| 2012 (After the 2011 flood) _ TN of measured data, including phase shifting in M-1, traces of

kP18 e 8 e sandbar edge and watercourse left on the formed sandbar,

[

which shows that the obtained calculation results are valid.
Figure 22 shows the sandbar evolution process that was
seen in the upstream side of the bank disaster location during
‘ the flood. This calculation result indicates that traces of sand-
N pscan'sniofcainios g Sosson) bar edge and watercourse formed through the process shown
in this figure (Step 44). It is considered that meandering
| Cross-section profile of KP19.0 flow rapidly shifted towards the river dike due to the bank
erosion, as a result, traces of a transverse scrolling sandbar
132 fLettpank Right ban | edge is left on the formed sandbar. These characteristics of
Low-water channel ] traces left on the sandbar are very similar to those of the ac-
Flow channel tual place (Fig23).

Max WL in the 2011 flood

-
w
o

-
N
[<2)

/ -------- 2009 (Before the flood)
Revetment ——— 2012 (After the flood)

Bed elevation (m)
0
[e3]

4.4 Changes of the cross-sectional profile of a sandbar

N
N
N

‘ ‘ ‘ . In the development of meandering flow, how the cross-
0 50 100 150 200 250 300 350 400 sectional profile of a sandbar changes with time is extremely
Distance from left side (m) important. Here, the cross-sectional profile of an alternat-
Figure 19. Planform shape of meandering channels and cross-lgg(]F?;rZZ ?npéiﬁzet?mvgg]eggs;ggg :13 oafn:sra“;]?jrb\;vrlc:)trofile
section profiles before and after the 2011 flood (around KP19.0). s . . . .
for representative cross sections of Section-1 and Section-
2 are shown in Fig25. The upper part of the figure and
this state continued for a long time during the flood, the EQ- @) show the following: the results from the experiment
meandering waveforms of M-1 gradually propagated down-O" the equmb_num wave height of alternating bgrs that was
stream, which finally led to the formation of uniform me- conducted using a straight channel and the region where the
andering channels. Further, at this time, the meandering flo#auilibrium wave height could be found, which was indicated

slightly changed its phase to the downstream side while erodPy dimensional analysis (e.dkeda 1983 and onto which
ing the riverbank. As a result, the location of the riverbank the results obtained from this analysis were overwritten. In

with which the flood flow collided deviated from the existing @ddition, the lower part of the figure shows the time-series
revetment, which served as a decisive factor in the proces¥ariation of the cross slopesig/B).
leading to this bank disaster.

The contour figure in the bottom of Figl shows the ac- 5
tual configuration of the riverbed measured after the flood.— =(
Comparing it with the calculation results of (8) indicates

B
l0g10= —1.22

B -0.45
) 9.34 ex] 2.53 erf 3)

d 0.594
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Calculation results
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Figure 21. Calculation results and the actual configuration of the riverbed measured after the flood.

Calculation results

(4) Time=24h (6) Time =36 h (7) Time =48 h

(8) Time=72h

Fixed bed
(Revetment)
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Flow /

[Step1] Sandbar edge (A) is formed [Step2] Sandbar edge (B) is formed [Step3] Flow over the sandbar edge and [Step4] The process of Step2~3 is repeated
in front of the sandbar edge (A) several watercourses (C) are formed

Figure 22. Sandbar evolution process after the peak discharge (traces of sandbar edge and watercourse left on the formed sandbar).
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Measurement data ' P >— / Cross-section profile
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Flov&/
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Figure 24. Definition of single-row alternate bars.

Figure 23. Actual configuration of the riverbed after the 2011 flood.

leads to the development of meandering flows that is more

The details are as followsig, sandbar wave-height (mP,  remarkable than that in Section-1. Additionally, théfei-
average water depth (B, river width (m); andi, sand grain  ence in the timing of when the sandbar wave height reaches
size (m). the equilibrium wave height is brought about by the pres-

The two sections can be said to have the following two ence or absence of the remaining traces in the watercourse or
points in common. The first is that the sandbar wave heighandbars that were produced during previous floods. There-
increases with time; however, after the sandbar wave heighfore, diferent planform shapes of river bank were given to
reaches the equilibrium wave height, the sandbar moveSection-1 and Section-2 as the initial riverbeds for analysis.
while maintaining the same state. The second is that the timejf a highly developed sandbar like M-1 exists in a low-water
series variation of the sandbar cross slope reaches the max¢hannel, it will cause strong meandering flow during a flood.
mum value when the sandbar wave height reaches equilibit ijs assumed that such meandering flow increases the devel-
rium. Thus, both sections show a convex-shaped variatioropment rate of sandbars to a great degree (peak arrival time
that has the maximum value as its peak value. This resulbf Hg/B).
can be roughly interpreted as follows (FRf).

A. Before the wave height has fully developed, the change; . cjusions
in the vertical direction predominates (sandbar develop-

ment process). As stated above, this study focused on both sandbar topog-
B. When the sandbar wave height reaches the equilibriumraphy and the planform_ shape of a low-water riv_erbank, and
state, the cross slope also reaches its péal/® = used numerical analysis tp investigate the dominant factors
0.020-0.025) that qul to bank damage in _September 2011. Based on the
’ ' ' analysis of KP18.4-KP21.0, it was presumed that the curva-
C. After that, the change in the transverse direction pre_ture of the low-water channel had induced the formation of
dominates, while the equilibrium height is maintained Point bars at this section. Also, it was found from the history
(bank erosion process). of the migration of the river course that those sandbars had
been gradually increasing the degree of meandering over the
In other words, what the sections have in common is thatcourse of about 30 years, and their wave height had finally
the planform shape of the meandering flow develops aftereached the elevation of the low-water riverbank.
the cross-sectional profile of sandbars has developed. The Furthermore, on the basis of the results obtained from the
largest diference between the two sections lies in the timeanalysis on KP17.8 KP19.0, it was presumed that the me-
at which the sandbar wave height reaches equilibrium. It isandering flows were maintained for a prolonged time due to
possible to interpret it as follows: in Section-2, where the the planar configuration of the low-water riverbank (curva-
sandbar wave height reaches equilibrium at an early stage dfire) and the meandering waveforms gradually propagated
the flood, bank erosion continues for a prolonged time, whichdownstream, which finally led to the development of the
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Figure 25. Sandbar wave-height development process and changes of the sandbar cross slope (Sections-1 and 2).
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Figure 26. Schematic diagram: change of cross-sectional profile of single-row alternate bars in the flood (Sections-1 and 2).
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