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ABSTRACT
On August 9–10, 2021, the Koakagawa Bridge in Mutsu, Aomori Prefecture, Japan, collapsed owing to the flood caused by a trop-
ical cyclone. In this study, the cause of the collapse was examined. The characteristics of flood inundation with bypassing flows 
and countermeasures for bank erosion due to channel blockage by driftwood were investigated based on field surveys and nu-
merical simulations. The scouring of the bed around the bridge pier was found to be the cause leading to bridge failure. Channel 
blockage owing to driftwood would have caused flood inundation and damage to the left bank, the top of the bank is bare of 
sediment, by forming a bypassing flow. However, the surface of the right bank on which the bypassing flow with high velocity 
formed was covered with concrete; therefore, bank erosion did not occur. These results indicate that to prevent bank erosion 
caused by bypassing flows during floods, it is important to protect banks downstream of the bridge using non-erosive materials. 
Only a small area, where bypassing flows form and non-dimensional shear stress is larger than 0.05, is sufficient for protection. 
It is also important to predict bed degradation characteristics around piers and banks, especially when the bed material is small.

1   |   Introduction

From August 9 to 10, 2021, torrential rain caused by a tropical 
cyclone formed by Typhoon Lupit caused many slope failures 
and debris flows in the northern Shimokita Peninsula in Aomori 
Prefecture in Japan. No human casualties were reported, but 
road traffic was blocked, and many residents were isolated 
owing to the destruction of bridges and the flooding of roads 
with sediment. In the Koakagawa River Basin (Figure 1) located 
in Ohata in Mutsu City, Aomori Prefecture, Japan, slope failures 
and debris flows produced a large amount of driftwood that was 
transported along with floodwater and sediment into the lower 
reaches of the Koakagawa River. Driftwood flowing down the 
Koakagawa River accumulated at the Koakagawa Bridge and 
blocked the river channel.

When slope failures and debris flows occur during heavy rain-
fall, trees on the slopes become driftwood, supplied to the river 
channel and transported downstream by floods and debris 

flows. This phenomenon is frequently observed in watersheds 
with steep slopes. Driftwood flowing down the river channel 
accumulates in areas with small river cross-sections, such as 
bridges with piers, thus causing channel blockages that con-
tribute to flood inundation and increase the stresses that de-
stroy buildings when they collide with them during inundation 
(Diehl  1997; Fischer  2006; Lyn et  al.  2007; Ruiz-Villanueva, 
Bodoque, et  al.  2014; Lucía et  al.  2015; Comiti et  al.  2016; 
Okamoto et al. 2016). In addition, the inundation area of a flood 
with driftwood may differ considerably from that of a flood 
without driftwood.

The transport of driftwood, which causes channel blockage, and 
the processes of production, transport, and deposition of drift-
wood have been studied using physical models and flume ex-
periments (Braudrick and Grant 2000; May and Gresswell 2003; 
Bragg and Kershner  2004; Mazzorana et  al.  2010). Braudick 
and Grant  (2001) conducted flume experiments to examine 
the transport and deposition of driftwood by floodwater. Lyn 
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et al.  (2003) investigated the effects of flow velocity and water 
depth on the rate of channel blockage by driftwood. Bocchila 
et al. (2006) showed that the probability of channel blockage due 
to driftwood depends on the length of the driftwood and the flow 
regime. Bocchila et al. (2008) statistically examined the relation-
ship between channel blockage (due to driftwood) and the trans-
port distance of driftwood. Wohl and Jaeger (2009) investigated 
the relationship between the hydraulic parameters and channel 
blockage caused by driftwood. Schmocker and Hager  (2011) 
showed that the rate of channel blockage by driftwood increased 
with increasing water depth and decreased with increasing 
Froude numbers. Ruiz-Villanueva, Bladé, et al. (2014) developed 
a two-dimensional model to reproduce the transport and deposi-
tion processes of driftwood, and the model reproduced changes 
in water level and velocity due to driftwood deposition. In ad-
dition, empirical equations have been proposed to predict the 
rate of channel blockage by driftwood in river structures, such 
as bridges and weirs. Schalko (2017) found that the rate of chan-
nel blockage by driftwood increased as a function of the length 
of the driftwood and with a slow approach velocity. They also 
showed that the Froude number had little effect on the channel 
blockage rate. De Cicco et al. (2018) reviewed the factors that af-
fected channel blockage by driftwood at bridge piers. Driftwood 
not only causes flooding but also poses many problems such as 

post-disaster disposal. Le Lay and Moulin (2007) have investi-
gated these issues.

Several studies have been conducted on water-level rise due to 
driftwood accumulation at bridges. Schmocker and Hager (2013) 
and Schalko et  al.  (2018) conducted driftwood accumulation 
experiments and examined the governing parameters of the 
Froude number in the approaching flow from upstream and the 
length of the driftwood accumulation zone. They showed that 
the water level in the backwater increased as the Froude number 
in the approaching flow and the length of the driftwood accu-
mulation zone increased. They also showed that the water level 
of the backwater increased as the driftwood diameter decreased. 
Panici and de Almeida (2018) investigated the occurrence and 
development of driftwood accumulation at bridge piers and 
found that the flow regime and length of the driftwood accu-
mulation area strongly depended on the length of the flow in 
that area.

Most of the existing studies on driftwood have been limited to 
the examination of in-channel phenomena. Suppressions of both 
the accumulation of driftwood and the increase in water levels 
of backwater due to the overflow of water and driftwood from 
a river to floodplains have not been considered. Consequently, 

FIGURE 1    |    Location of Koakagawa River Basin.
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evaluations were pursued considering the water level of the 
backwater to be high.

In an actual river, the rise of the water level in the upstream 
area owing to driftwood accumulation at bridges causes over-
flows, which in turn cause house runoffs and ground erosion 
in the floodplain around bridges. Okamoto et  al.  (2020) con-
ducted experiments considering the floodplains and found that 
the velocity distribution on a floodplain is useful for estimating 
the location of ground erosion damage due to flood flow. In a 
non-leveed river channel, inundated floodwater forms bypass-
ing flows that return to the river channel downstream of the 
bridge. At the point at which the bypassing flows return to the 
channel, water flows into the channel from the top of the bank 
on the steep slope, and the banks are easily eroded. Therefore, 
there is an urgent need to clarify the characteristics of bypass-
ing flows and countermeasures. However, the aforementioned 
studies have not focused on the characteristics of bypassing 
flows—from the top of the bank to the river channel—that have 
the greatest effects on bank erosion.

This study examined the cause of the collapse of the 
Koakagawa Bridge in Mutsu City in the Aomori Prefecture 
in Japan. The characteristics of flood inundation with by-
passing flows and countermeasures for bank erosion owing 
to channel blockage by driftwood were investigated based on 
field surveys and numerical simulations of horizontal two-
dimensional bed deformation.

2   |   Disaster Characteristics Occurred in the 
Koakagawa River Basin

2.1   |   Koakagawa River Basin

The Koakagawa River Basin is located in the north of Honsyu 
Island in Japan, as shown in Figure 1. Figure 2a shows land el-
evation in and around the Koakagawa River Basin. The higher 

ground elevation is located in the western part of the river basin, 
at the highest elevation of approximately 800 m. The Koakagawa 
River flows westward into the Tsugaru Straits. The length of the 
main channel of the Koakagawa River is 6 km. The river basin 
area of the river is 45,000 m2. Figure  2b shows the geological 
conditions in and around the Koakagawa River Basin. The pre-
vailing geological conditions feature rock formations such as 
Dacite and Rhyolite. The geological condition in the higher 
land elevation area comprises Andesite. The Koakagawa River 
Basin is managed by Aomori Prefecture, which is the local gov-
ernment. According to the Köppen climate classification chart 
(Köppen  1936), the basin is located in a Dfb climate region 
(Cold, no dry season, warm summer). The annual average at-
mospheric temperature is 9.5°C, and the annual accumulated 
rainfall is 1342 mm.

2.2   |   Rainfall Characteristics

In this study, rainfall intensity data from X-band and C-band 
mixed radar were utilized. The target location was mea-
sured by two radars: one from the north and the other from 
the south. Notably, the attenuation of rainfall intensity from 
radar measurements in the north is negligible owing to the 
sea area north of the target site, which offers no obstruction to 
the radar. As illustrated in Figure 4, the high rainfall intensity 
area is extremely narrow, and there are no rainfall measure-
ment points by rain gauges within the same rainfall area as 
the target river basin.

Figure 3 presents the temporal variation in rainfall intensity 
measured in the brown square area in Figure 1, as obtained 
by the mixed C-band/X-band radar. Rainfall commenced at 
approximately 11:00 a.m. on August 9 and continued inter-
mittently until 3:00 p.m. on August 10. Following a period of 
low-intensity rainfall from 11:00 p.m. on August 9 to 2:00 a.m. 
on August 10, rainfall intensity increased again, achieving 
a maximum intensity of 74 mm/h. Driftwood obstructed the 

FIGURE 2    |    Land elevation and geological condition in and around Koakagawa River Basin. (a) Land elevation (Geospatial Information Authority 
of Japan) (b) Geological condition (National Institute of Advanced Industrial Science and Technology).
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river channel at approximately 5:45 a.m. on August 10, and 
despite the rainfall intensity having peaked, the rainfall re-
mained strong at 32 mm/h. The rainfall accumulated from 
the beginning of the rainfall until 5:45 a.m. on August 10 was 
235 mm, according to the mixed C-/X-band radar rainfall data. 
Thus, slope failures and debris flows can occur with relatively 
small total precipitation.

Figure 4 depicts the spatiotemporal changes in sediment disas-
ter risk obtained using a real-time sediment disaster risk assess-
ment system (Igarashi et  al.  2016). The figure also shows the 
spatial distribution of rainfall intensity obtained by the mixed 
C-band/X-band radar. The sediment disaster risk was calculated 
using land slope, rainfall intensity per minute, and other rele-
vant factors. The horizontal resolution of the risk indication was 
250 m × 250 m.

The wind blew from the south-southeast owing to the trop-
ical cyclone. Consequently, as indicated by the distribution 
of rainfall intensity at 11:00 p.m. on August 9 and 5:00 a.m. 
on August 10, a stationary line-shaped precipitation system 
extending from east of Mt. Osore formed, resulting in contin-
uous heavy rainfall in the same location. The sediment disas-
ter risk level in Ohata-cho, Mutsu City, began to increase at 
approximately 3:00 a.m. on August 10 and reached a high-risk 
level of 4 at approximately 6:00 a.m., when the driftwood gen-
erated by the slope failures and debris flows was transported 
to the Koakagawa Bridge. These results indicate that although 
the total precipitation amount was relatively small, the short 
but high-intensity rainfall from the stationary line-shaped 
precipitation system caused slope failures and debris flows. 
The sediment disaster risk level decreased over time, and by 
approximately 8:10 a.m., there was no indication of sediment 
disaster risk levels.

2.3   |   Collapse of Koakagawa Bridge and Flood 
Inundation

Figure  5 shows the Koakagawa Bridge and its surroundings 
after the disaster. Figure 6 shows the geometric characteris-
tics of the collapsed bridge. A pier is located at the center of 
the bridge. Figure 5a shows that a large amount of driftwood 
accumulated upstream of the Koakagawa Bridge and that 
floodwaters containing sediments inundated the area around 
the Koakagawa River. Figure 7 shows the inundated area on 
the left bank of the Koakagawa River after the disaster. The 
thickness of the deposited sediment was 1.2 m, and the aver-
age grain size of the inundated sediment was 2 mm, indicat-
ing that a large amount of fine sediment was inundated (see 
Figure 8).

Figure  5a illustrates that the Koakagawa Bridge has a pedes-
trian sidewalk upstream and a roadway downstream, with only 
the roadway part collapsing. The left bank of the bridge fell into 
the riverbed, while the right bank girder remained on its bear-
ing, indicating that the bridge failure was strongly influenced 
by erosion on the left bank. Additionally, the intact pedestrian 
sidewalk suggests that the collapse was not caused by the im-
pact of driftwood. By contrast, driftwood accumulated on the 
Koakagawa Bridge, blocking the river channel and causing a 
bypassing flow from the top of the levee to the river channel 
downstream of the bridge. This detour eroded the bank and led 
to the bridge's collapse. Furthermore, due to the curved hori-
zontal shape of the river channel around the bridge section, the 
flow was concentrated on the left bank, which is the outer bank 
of the curve, resulting in bank collapse due to local scouring. 
Figure  5b shows that the bridge piers located in the center of 
the river channel subsided, indicating that scouring of the bed 
around the pier contributed to the bridge failure.

FIGURE 3    |    Temporal change of rainfall intensity in the upper reach of the Koakagawa River in Ohata-cho, Mutsu City, obtained from C-band/X-
band mixed radar.

 1753318x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jfr3.70025 by C

ochrane Japan, W
iley O

nline L
ibrary on [09/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 16

Figure 9 shows the Koakagawa Bridge captured at approximately 
5:00 a.m. on August 10. Figure 9 shows that the pier subsided by 
approximately 1 m. At this point, the subsidence of the pier was not 
very deep, and the left bank of the bridge girder was on the bear-
ing. Figure 10 shows the abutment of the bridge girder at the top of 
the pier after the disaster. In other words, the pier subsided almost 
vertically by approximately 3 m. The bed material around the 
pier was composed of small sediments with a grain size of 5 mm, 

as shown in Figure 10. As shown in Figure 9, at approximately 
5:00 a.m. on August 10, driftwood did not accumulate upstream 
of the bridge, and no flood inundation occurred. In other words, 
the driftwood did not affect the initiation of bridge failure. The 
situation in Figure 9 differs from that in Figure 5a, and additional 
phenomena, including driftwood accumulation, are considered 
to have caused the complete bridge failure and flood inundation. 
These phenomena are discussed using numerical simulations.

FIGURE 4    |    Spatiotemporal changes in the sediment disaster risk and rainfall intensity obtained using the real-time sediment disaster risk assess-
ment system (Igarashi et al. 2016) (Background image: GSI).
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2.4   |   Sediment and Driftwood Production in 
the Koakagawa River Basin

Figure  11 presents the Koakagawa River watershed after the 
disaster. As shown in Figure  11c, several slope failures oc-
curred. In addition, traces of debris flows can be observed 
on the right-hand side of Figure 11b. Furthermore, as shown 
in Figure  11a, several large-scale slope failures occurred, 
which are the sources of sediment and driftwood around the 
Koakagawa Bridge. As shown in Figure 11d,f, sabo dams were 
installed in the river, but they were all full of sediment, indi-
cating that it was difficult to capture most of the driftwood. 
Figure  11h shows the land deformation before and after the 
disaster. It can be seen that sediments eroded by slopes are de-
posited into the river channel in large quantities. The two sabo 

dams could not stop these sediments, and they are transported 
downstream. However, the bed has been degraded in the vicin-
ity of the bridge.

3   |   Numerical Simulations of Flow and Bed 
Deformation Around the Koakagawa Bridge

3.1   |   Basic Equations

The basic equations used in the numerical simulations are 
based on a horizontal two-dimensional bed deformation analy-
sis model (Takebayashi 2017) with a general coordinate system. 
The numerical analysis model was implemented in the applica-
tion software iRIC, which was developed by a research group 

FIGURE 5    |    Flood inundation and collapse of the Koakagawa Bridge. (a) Koakagawa bridge and inundation area (photo: Asia Air Survey Co. Ltd.) 
(b) Collapse of the bridge pier (photo: Aomori Prefecture).
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FIGURE 6    |    Geometric characteristics of the Koakagawa bridge (Aomori Prefecture). (a) Side view. (b) Cross-section view.

FIGURE 7    |    Sediment deposition in the inundation area.

FIGURE 8    |    Koakagawa bridge at 5:00 a.m. on August 10 (photo: Aomori Prefecture).
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including the first author (Nelson et al. 2016). In the simulation 
of the flow and bed deformation around the Koakagawa Bridge, 
the bed material was treated as non-cohesive with a uniform 
grain size. The bed load was considered to reproduce the bed 
deformation process. The equations used in the numerical anal-
ysis are as follows.

The relationship between a Cartesian coordinate system and a 
generalized curvilinear coordinate system is given as follows:

(1a)J =
1

(

�x

��

�y

��
−
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��
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��
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(1b)
��
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FIGURE 9    |    Abutment of the bridge girder at the top of the pier (photo: Aomori Prefecture).

FIGURE 10    |    Bed material in the Koakagawa River near the Koakagawa Bridge.
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where ξ and η are the coordinates along the longitudinal and 
transverse directions in a generalized curvilinear coordi-
nate system, respectively, and x and y are the coordinates in a 
Cartesian coordinate system.

The surface flow is calculated using the governing equation 
for horizontal two-dimensional flow averaged over depth. 
Groundwater is modeled as a horizontal two-dimensional 
saturation flow. The surface of driftwood accumulation 
is treated as the bed surface, and the water flow within 
the driftwood accumulation is treated as groundwater. 
The exchange of momentum between surface water and 
groundwater flow is not considered; only mass exchange 

between them is considered. The conservation of mass, in-
cluding the inflow and outflow of mass by seepage flow, 
is taken into account as shown in the following equation 
(Takebayashi 2017).

where t is the time, and z is the water surface level. Surface flow 
depth is represented as h, and seepage flow depth is hg. U and 

(2)
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�
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�

��
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�
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FIGURE 11    |    Production of driftwood and sediment in the Koakagawa River basin (photos are taken by Aomori Prefecture's disaster-prevention 
helicopter “Shirakami” on August 12) and land deformation before and after the disaster (Aomori Prefecture).
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V represent the contravariant depth-averaged flow velocities 
above the bed along the ξ and η coordinates, respectively.

These velocities are defined as

where u and v represent depth-averaged flow velocities above 
the bed along the x and y coordinates, respectively. U_g and V_g 
represent the contravariant depth-averaged seepage flow veloc-
ities along the ξ and η coordinates, respectively. These velocities 
are defined as

where depth-averaged seepage flow velocities along x and y co-
ordinates in a Cartesian coordinate system are shown as ug and 

vg, respectively. Λ is a parameter related to the porosity in the 
soil, wherein Λ = 1 as z ≧ zb, and Λ = λ as z < zb, where zb is the 
bed level and λ is the porosity in the soil. Momentum equations 
of surface water are as follows:
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FIGURE 12    |    Numerical analysis grids, land elevation, and driftwood accumulation area.
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where g is the acceleration due to gravity, and ρ is the water den-
sity. τbξ and τbη represent the contravariant shear stress along 
the ξ and η coordinates, respectively. These shear stresses are 
defined as

where τbx and τby are the shear stresses along the x and y coordi-
nates, respectively, and are given as follows:

where u* is the friction velocity, nm is the Manning's roughness 
coefficient, and R is the hydraulic radius. ub and vb represent 
velocities near the bed surface along the x and y coordinates, 
respectively. Velocities near the bed are evaluated using the cur-
vature radius of streamlines. σxx, σyy, τxy, and τyx are turbulence 
stresses. ug and vg represent velocities of seepage flow along the x 
and y coordinates, respectively, and are given as follows:

where kgx and kgy are the coefficients of permeability along the 
longitudinal and the transverse directions, respectively. When 
the water depth of surface flow becomes less than the mean di-
ameter of the bed material, the surface flow is computed only in 
consideration of the pressure term and bed shear stress term in 
the momentum equation of surface flow.
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FIGURE 13    |    Horizontal distribution of water depth and velocity 
vectors (Case 1).

FIGURE 14    |    Horizontal distribution of amount of bed deformation 
(Case 1).
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The bed load is calculated using a modified Ashida–Michiue 
formula (Ashida and Michiue  1971; Kovacs and Parker  1994; 
Liu 1991). The effect of the local bed slope on the critical shear 
stress is considered.

The evolution of bed elevation is estimated using the following 
formula:

where qbξ and qbη are the bed load components in ξ and η directions. 
The local bed slope is reset to the angle of repose at calculation 
points where the slope becomes steeper than the angle of repose.

(17)(1 − �)
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FIGURE 15    |    Horizontal distribution of water depth and velocity vectors (Case 2).

FIGURE 16    |    Horizontal distribution of nondimensional shear stress (Case 2).
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The continuum equation and the momentum equations for sur-
face flow are discretized using the TVD-MacCormack scheme 
(Causon 1989).

3.2   |   Hydraulic Conditions

Figure 12 shows the numerical analysis of grids and initial ground 
elevation used in the analysis. A 5 m DEM measured by the 
Geospatial Information Authority of Japan (GSI) was used as the 
initial ground elevation. The average numerical grid width was 1 m 
in the longitudinal direction and 0.5 m in the transverse direction, 
for a total grid number of 96,621 (301 in the longitudinal direction 
and 321 in the transverse direction). The average grain size of the 
bed material was 5 mm. Water was supplied at a rate of 26.5 m3/s 
at steady state. Discharge was the peak flow discharge obtained by 
the rational equation using a runoff coefficient of 0.7, which was 
based on known values for heavy rainfall in the target mountain 
area, rainfall intensity of 30 mm/h, and a watershed area of 45,000 
m2. For rainfall intensity, the average of the mixed C- and X-band 
radar rainfall values from 2:00 to 7:00 on August 10 was used.

Based on photographs obtained after the disaster, as shown in 
Figure  5a, the maximum depth of the inundated water in the 
flooded area was less than 2 m, and the water surface level was 
lower than that of the roofs of one-story houses; therefore, the 
houses were treated as non-erodible obstacles. The pier of the 
Koakagawa Bridge is also treated as a non-erodible object.

Two cases were simulated: Case 1, in which driftwood was not 
considered, and Case 2, in which driftwood was considered. The 
accumulated driftwood area in Case 2 is indicated in Figure 12. 
After driftwood accumulated upstream of the Koakagawa 

Bridge, it was considered that the river was blocked by drift-
wood, and a small amount of water flowed through the drift-
wood accumulation area in the Koakagawa River. Therefore, the 
river channel in the driftwood accumulation area is filled with 
driftwood in the analysis, and the blown area in Figure 12 was 
treated as a non-erodible permeable body.

4   |   Simulation Results and Discussion

Figure 13 shows the horizontal distributions of the water depth 
and velocity vectors for Case 1. The flood did not overflow from 
the Koakagawa River when there was no accumulation of drift-
wood upstream of the bridge. The flow was divided into right and 
left parts by the bridge pier as it passed the Koakagawa Bridge; 
the flow on the right side of the pier changed direction to the left 
bank just downstream of the Koakagawa Bridge, indicating that 
the flow was concentrated on the left bank downstream of the 
Koakagawa Bridge. Figure 14 shows the horizontal distribution 
of the amount of bed deformation after 1200 s in Case 1. It can be 
observed that the bed was eroded on both the left and the right 
sides of the bridge pier. In particular, the bed was deeply eroded 
on the left side of the pier and along the left bank downstream of 
the bridge. In this analysis, the pier was treated as a non-erosible 
object. Therefore, the erosion of the sediment beneath the pier 
could not be directly represented in this bed deformation anal-
ysis. However, the area around the piers was heavily eroded, as 
shown in Figure 14, and the bed material was not as cohesive, 
as shown in Figure 9. Therefore, it can be judged that the sedi-
ments under the piers were eroded along with the erosion of the 
sediments around the piers, causing the pier to sink, as shown 
in Figure 5b. Additionally, bed degradation along the left bank 
caused damage to the left bank revetment of the bridge.

FIGURE 17    |    Bank erosion around the bypassing flow on the left bank.
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Figure 15 shows the horizontal distributions of the water depth 
and velocity vectors for Case 2. As shown in the figure, the flood 
was attributed to the overflowing of the Koakagawa River due 
to channel blockage caused by driftwood. As indicated by the 
red arrows, bypassing flows, which are the flows of inundated 
water bypassing the bridge and returning to the river channel 
downstream, occurred on both the right and left banks of the 
Koakagawa Bridge, and bypassing flows from the right bank 
had a higher velocity. The bypassing flow flowed downstream 
of the bridge from the bank with higher ground into the river-
bed with lower ground and resulted in rapid erosion of the bank 
(Wada et al. 2015). Figure 16 shows the horizontal distribution 
of the dimensionless shear stress. The dimensionless shear 
stress on the banks downstream of the Koakagawa Bridge was 
larger, thus indicating a flow condition in which the sediment 
discharge on the bank around the bridge can be large.

Figure 17 shows the left bank immediately downstream of the 
Koakagawa Bridge after the disaster. As shown in the figure, 
the left bank is heavily eroded because the ground surface 
on the left bank was composed of soil. The bypassing flow 
caused greater damage to the left bank side of the Koakagawa 
Bridge. These results indicate that the formation of bypassing 
flows caused by the accumulation of driftwood on the bridge 
was the cause of complete bridge failure. However, as shown 
in Figure 18, no bank erosion occurred on the right bank side, 
where the dimensionless shear stress was large, and the veloc-
ity of the bypassing flow was high. This is due to the fact that 
the ground on the right bank of the bridge, where the bypassing 
flow was formed, was covered with concrete, which suppressed 
ground erosion.

These results indicate that to prevent bank erosion caused by 
bypassing flows during floods, it is crucial to protect banks 
downstream of the bridge using non-erosive materials. A small 
area, where the non-dimensional shear stress exceeds the crit-
ical shear stress (e.g., 0.05) as shown in Figure 16, is sufficient 
for protection. Generally, river regulation work is carried out to 
prevent flood inundation, and the design of river structures con-
siders only the external forces up to the water level at the top of 
the levee. Consequently, little is known about countermeasures 
for bypassing flows. However, to minimize damage from flood 
inundation, it is expected that bank erosion countermeasures 
against bypassing flows be implemented. Based on the results of 
field observation and numerical simulation presented here, the 
area of the bank to be protected is limited to a small area down-
stream of the bridge; thus, the cost of the countermeasure is not 
very high. Bypassing flows occur when the ground elevation of 
the floodplain is approximately the same as the top of the bank 
because the flood flow returns to the river channel downstream 
of the bridge. In other words, it occurs in a moated river channel 
rather than a constructed river channel. Additionally, because 
the blockage of the river channel by driftwood and sediment con-
tributes to the occurrence of bypassing flows, countermeasures 
should only be taken on bridges located downstream of rivers 
where driftwood and sediment are predicted to be produced.

It is also important to predict bed degradation characteristics 
around a pier and banks. Bed degradation was rapid around the 
Koakagawa Bridge because the bed material is fine. Therefore, 
to prevent the subsidence of bridge piers, it is essential to imple-
ment sufficient erosion countermeasures (e.g., deep foundations) 
around bridge piers based on the predicted bed degradation. 

FIGURE 18    |    Concrete pavement under the bypassing flow on the right bank.
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Additionally, it is important to design the horizontal shape of 
the channel to ensure that water flow is not concentrated at the 
banks in the bridge cross-section, thereby avoiding the collapse 
of bridge revetment due to bed degradation along a bank.

5   |   Conclusions

The cause of the collapse of the Koakagawa Bridge in Mutsu 
City, Aomori Prefecture, Japan, was investigated, along with 
the characteristics of flood inundation with bypassing flows 
and countermeasures for bank erosion due to channel block-
age by driftwood. This investigation was based on field surveys 
and numerical simulations of horizontal two-dimensional bed 
deformation. It was determined that the initial collapse of the 
Koakagawa Bridge was caused by bed degradation around the 
bridge pier. The concentration of flow on the left bank of the 
river eroded the left bank, damaging the revetment. It was also 
concluded that flood inundation would not have occurred, even 
at peak flow discharge, if the channel had not been obstructed 
by driftwood. Additionally, the blockage of the channel by 
driftwood caused damage to the left bank and road through 
the formation of bypassing flows. However, the surface of the 
right bank, where the rapid bypassing flow formed, was covered 
with concrete; therefore, bank erosion did not occur on the right 
bank. These results indicate that to prevent bank erosion caused 
by bypassing flows during floods, it is important to protect 
banks downstream of the bridge using non-erosive materials. 
A small area where bypassing flows form and non-dimensional 
shear stress is larger than 0.05 is sufficient for this protection. 
Predicting bed degradation characteristics around piers and 
banks is also crucial. Bed degradation was rapid around the 
Koakagawa Bridge because the bed material was fine. Therefore, 
to prevent the subsidence of bridge piers, it is essential to imple-
ment sufficient erosion countermeasures around bridge piers 
based on the predicted bed degradation. Additionally, designing 
the horizontal shape of the channel to ensure that water flow 
is not concentrated at the banks in the bridge cross-section is 
important to avoid the collapse of bridge revetment due to bed 
degradation along the bank.
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