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Abstract. In Japan, estimating flood risk follows a deterministic approach. A probabilistic risk method, as
adapted in the Netherlands, would be better suited for the quantitative evaluation of flood damage. This study
applies such a method in Obihiro, Hokkaido, northern island of Japan. We modelled dike failure with the mecha-
nism overtopping. The probability of dike failure is calculated with a Monte Carlo simulation, considering uncer-
tainties in water levels, critical flow velocity, and dike heights. This results in more accurate failure probabilities
compared to the deterministic approach. Additionally, we corrected the dike failure probability for upstream
dike failures because these reduce downstream water levels. This conditional flood probability is about 1/10th of
the independent situation, indicating a significant effect of considering dike failure in dependence on upstream

failures.

1 Introduction

In assessing risk information, determining dike failure con-
ditions is crucial, significantly influencing hazard evaluation.
In Japan, the commonly used criterion for dike failure condi-
tions is the Planned High Water Level (HWL) in flood con-
trol plans. However, actual dike failures can result from fac-
tors like overtopping, erosion, and seepage, differing from
flood control plan criteria. Numerous cases have been re-
ported where levees didn’t breach despite water levels ex-
ceeding the HWL (MLIT, 2020).

Determining dike failure conditions is considered effective
through probabilistic evaluation of multiple failure modes
and uncertainties in dike failure. The United States and Euro-
pean countries have already incorporated a probabilistic as-
sessment of failure modes into policies. In the Netherlands,
a dike failure probability evaluation model accommodating
multiple failure modes has been developed. Additionally, a
risk-based approach that plans flood countermeasures based
on floodplain risk has been introduced, indicating a growing

integration of probabilistic considerations into disaster pre-
paredness (Vergouwe, 2016).

This study aims to develop a Dike Failure Probability
(DFP) evaluation model tailored to the target river’s charac-
teristics for the quantitative assessment of flood risk in Japan.

2 Method

The key points of our research approach are as follows:

1. We constructed a model that considers the temporal
variation of hydraulic conditions and uncertainties in-
herent to the breach process. This is particularly relevant
in Japan, characterized by steep-gradient rivers where
water levels, their temporal changes, and associated un-
certainties are significant.

2. We proposed a method that considers the presence or
absence of upstream breaches in determining the down-
stream DFP. In Japan, the flooding pattern is character-
ized by flush flood, where damages vary at each breach
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point, accounting for upstream overtopping or breaches
and their impact on downstream discharge reduction is
essential.

These two aspects form the foundation of our study, address-
ing the unique challenges posed by Japan’s rivers, where
damages vary at breach points, and the probability of down-
stream breaches changes due to upstream breaches.

2.1 Target area

This research focuses on the urban area of Obihiro City
in Hokkaido, Japan. The DFP evaluation was conducted at
0.2 km intervals within the KP53.8 to KP62.8 section of the
Tokachi River, which is adjacent to the study area. “KP” in-
dicates the distance from the river mouth, and the Tokachi
River is managed by the MLIT.

2.2 Model of dike failure due to overtopping

We developed the model to assess dike failure due to over-
topping, which is the most prevalent failure mode in Japan.
The process of failure due to overtopping is assumed to occur
when the river water level exceeds the crest height, leading
to the flow of floodwaters down the slope, resulting in ero-
sion of the slope. An overview of the failure determination
by the model is shown in Fig. 1, where (a) depicts the dike
height and the time-series water level, and (b) illustrates the
crest velocity and slope velocity. Flow velocity occurs during
periods when the water level in (a) exceeds the dike height.
(c) show the cumulative work on the slope and the threshold
for dike failure determination. Erosion occurs in the range
where slope velocity in (b) exceeds the critical erosion ve-
locity. Dike failure is determined when the cumulative work
(i.e., the total transferred energy) on the slope surpasses the
threshold for failure determination.

Specifically, the dike failure model used Egs. (1) and (2)
to calculate overtopping discharge from the water level at the
dike crest.

ur =+/ghs (1
qr =uhy 2
The velocity at the toe of the slope ugiope,t is calculated based

on the overtopping discharge ¢g; and the slope gradient o us-
ing Eq. (3), with a roughness coefficient f set at 0.08:

1
8gg;sina \ 3
Uslope,t = <%T> 3)

Subsequently, the occurrence of dike failure was determined
using the cumulative value of the work done by the slope,
which Dean et al. (2010) proposed as an indicator influencing
dike erosion. The work done on the slope at a given time.

Ew (1) = Kw (W; = Wo) = K Bw (ope —2w) 4
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here, K is the coefficient for the work done by erosion, Sw
consolidates terms involving water mass density and shear
stress, and uc w is the critical flow velocity at which work
is done on the slope. Erosion occurs when ugjope,t > te,w-
The threshold value for erosion occurrence under good turf
growth conditions was determined as:

Zizl(EW/Kw,Bw) = 0.492 x 10° (5)

2.3 Probability evaluation using a Monte Carlo
simulation

The DFP due to overtopping was calculated using a Monte
Carlo (MC) simulation, following the approach of Tabata et
al. (2015). In the MC simulation, uncertainties involved in
the process are represented as variables with probability dis-
tributions and incorporated into the model. The DFP, Pryijure
was determined using Eq. (6):

Praiture = Ntaitlure/ N (6)

here, N represents the total number of calculations in the MC
simulation, and 7ngjre 18 the count of instances where dike
failure is determined. In this study, the total number of cal-
culations was set to 10 000. The boundary conditions for the
model were defined by a hydrograph. Assuming a sine curve
shape with a period of T' = 30 hours the hydrograph was cre-
ated using Eqgs. (7), (8).

hpeak = 1/ Q‘:*“‘ —b (7)

. 27 1 1
hy = sm7~t X hpeaks O_ZT§t§T+ZT (8)

Equation (7) represents the pre-established relationship for
the river under consideration, denoted as the H — Q rela-
tionship. The parameter Qpeax Was varied in increments of
500ms~!, and the DFP was assessed for each flow rate, re-
sulting in a relationship between discharge and the DFP.

We assessed the uncertainties associated with elements
within the developed model, focusing on water level, dike
height, and erosion of the slope, as illustrated in Fig. 2.

2.3.1 Water level

In this study, we incorporated water level as a random vari-
able in the MC simulation due to the non-uniform relation-
ship between water level and discharge in actual flood events,
influenced by changing channel morphology and water sur-
face gradient. Figure 3 shows the variability in observed data
around the H — Q equation, indicating water level and dis-
charge at each flood event’s peak. To model water level as a
random variable, we calculated the mean and variance of dif-
ferences between water levels from the H — Q equation and
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Figure 1. Overview of Dike Failure due to Overtopping in the Developed Model.
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Figure 3. Comparison of H — Q and Observations.

observed values using Egs. (9), (10).

Y (hobs; —hu—0;)
MWL = " s

2
hobs.; —
o2 = > ( Obs.,n JAwWL) ©)

IWiaicn = hipeak + 1 ~ N (1owr, o) (10)
here, hops. represents the observed peak water level, hy_ o
denotes the water level based on the H — Q equation, n is
the number of observed samples, pwyr represents the mean
value of water level errors, o\%,L is the variance, and hwy,c,
indicates the water level for each MC simulation.

In the MC simulation, we assumed a normal distribution
for the probability distribution, because conventionally the
H — Q equation has been derived by assuming a normal dis-
tribution for errors in observed water levels and discharges,
determining coefficients “a” and “b” through a least squares
minimization.
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Additionally, the water level variability in this study ex-
cludes two elements: variation with discharge magnitude and
temporal changes within a single event. Future verification
should consider improvements in observation accuracy and
data accumulation.

2.3.2 Dike height

In this study, we treated dike height as one of the random
variables in the MC simulation. This is because dike height
changes over time due to the heterogeneity of soil inside
the dike and construction conditions. Figure 4 illustrates the
planned dike height and the actual dike height. The actual
dike height data were obtained at 10 m intervals in the lon-
gitudinal direction from the LP survey. To incorporate dike
height as a random variable in the model, we calculated the
mean and variance of the differences between the planned
dike height and the actual dike height using Eqgs. (11), (12).

Z (hactuali - hplani)

/‘(’DHkp = n ’
2
) Z (hactuali - MDHkp)
ODH, = " (1)
Ity = gt +h ~ N (o oB, ) (12)

Here, hacwal represents the actual levee height, Aplan is the
planned levee height, n is the number of survey points in the
100 m section centered around each KP, ,uDHk is the error in
levee height at the evaluation point KP, oDHk is the variance,
and hpH,, denotes the levee height in each MC simulation
run.

In the MC simulation, we assumed that the variance of
dike height follows a normal distribution. Identifying the ac-
tual distribution is challenging, given the various factors in-
fluencing dike height variation, such as the heterogeneity of
soil during construction, weather conditions, and construc-
tion methods. Verification through advancements in observa-
tional techniques for dike internal structures and data accu-
mulation is anticipated in the future.

Additionally, it’s essential to acknowledge that when
defining dike height variability in this study, independence
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Figure 4. Comparison of Planned and Actual Embankment
Heights.

Table 1. Critical velocity and variance on the dike slope.

Turf growth Threshold velocity  Standard error,
status condition u (m s_l) o (m s_l)
Good 1.80 0.38
Average 1.30 0.12
Poor 0.76 0.04

among data intervals is unconfirmed if a singular event re-
sults in subsidence or damage surpassing a 10 m data inter-
val. Future refinement of data intervals will require verifica-
tion of the scale of events causing displacement.

2.3.3 Erosion of the dike slope

In the MC simulation, the erosion resistance of the turf on
the levee slope was treated as a random variable (#criticalyc, )-
This approach accounts for the heterogeneity present in the
condition of the turf. The erosion resistance of the turf was
calculated using Eq. (13). The critical velocity (#critical) for
erosion occurrence and its variance (cruzcmical) were set based
on Table 1 under conditions of good turf growth, as estab-
lished by Dean et al. (2010).

2
UCriticalyye, = U ™ N (uCriticah chritim]) (13)

2.4 Integration of dike failure probabilities

This study uses a method incorporating point dependence to
calculate the DFP for the entire levee section. Each point is
termed a “segment”’, and segments with similar inundation
are integrated into a “section”. Complete dependence is as-
sumed within a section, while partial dependence is consid-
ered between sections. This accommodates varying depen-
dence based on the longitudinal levee scale in fast-flowing
rivers. For adjacent points, higher DFP for an upstream sec-
tion reduces downstream DFP due to decreased river flow.
However, for segments further apart, the dependence impact
diminishes, as the upstream breach may return flood flow to
the river.
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Figure 5. Calculation results for DFP.

Table 2. The integration approach and the resulting DFP.

Approach Failure
probability
Full dependence 0.00883
Applied method (partial dependence) 0.02564
Full independence 0.07476

Initially, under the assumption of dependence between
segments, we computed the DFPs for each section at various
discharge conditions using Eq. (14), where dike failure oc-
curs at the point with the maximum DFP within the section,
and no failure occurs at other points:

P section |61 = maxyzl(Pf,segment,i | q) (14)

here, Pfsection represents the DFP in a specific section,
and |g denotes the conditional probability at discharge g.
Pf segment,i stands for the DFP in segment i. The parame-
ter n indicates the number of segments included within the
section.

Next, assuming that no dike failure occurs in downstream
sections if a failure occurs in an upstream section (partial
dependence), we calculated the DFP for the entire levee.
Specifically, according to Eq. (15), the DFP for the upper-
most section remains unaffected by other breach points since
it is not influenced by upstream dike failures. For down-
stream sections, as per Egs. (16) to (18), the DFP is deter-
mined by multiplying the non-DFP of the upstream section
by the DFP in the respective downstream section.

Pf,dep,l |61 = Pf,section,l“] (15)
Pf,dep,2 |6] = Pf,section,2| q- [1 - (Pf,dep,l |CI)] (16)
Pf,dep.& ‘61 = Pf,sectionj‘q . [l - (Pf,dep,] ‘61 + Pf,dep,Z}q)] (17)

-1
Pf,dep,n q= Pf,section,n}q : I:l - Z:l (Pf,dep,n|CI)] (18)
here, Py, dep,n represents the DFP considering dependence, |q

denotes the conditional probability at discharge ¢, and n in-
dicates the number of sections. The DFP for the entire levee
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Figure 6. Dike failure probability of each section.

section under a specific discharge condition (Pf,dep,anlg) is
calculated according to Eq. (18) as the sum of the DFPs con-
sidering dependence for each section.

Py dep,all = Z:l (Pf.dep.nlq) (19)

3 Results

Figure 5 depicts the segment DFP along the Tokachi River
(1073 to 1072) across its length. At 7000m>s~! discharge,
near crest height, a correlation is observed between in-
creased freeboard and reduced failure probability. KP60.8,
with higher conveyance capacity, exhibits the lowest DFP.

The DFP in Fig. 5 are grouped into section DFP (see
Sect. 2.4). Figure 6, upper row, presents the DFP for all seg-
ments (colored lines), with the section’s DFP derived from
the maximum values (solid black line). The bottom graphs
shows the adjusted DFP by deducting the upstream DFP, re-
sulting in the dashed red lines. In the uppermost segment, un-
der flow conditions exceeding 5000 m> s~!, the DFP reaches
100 %. Consequently, downstream sections under the same
discharge have a DFP of 0 %.

Table 2 shows DFP in the entire target area under varying
dependence conditions in each section. The chosen depen-
dence model notably impacts DFP values. Evaluating DFP
along floodplains with downstream flooding, like the studied
river, requires considering interdependence in breach occur-
rences.

4 Discussion

The fact that the DFP for each section corresponded to
flow capacity indicates that the constructed model represents
breach probabilities aligned with susceptibility to overflow.
Moving forward, it is essential to verify elements, probabil-
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ity distributions, and levels of impact that should be incorpo-
rated into the model as uncertainties.

In this study, mathematical methods represented the re-
duction in downstream DFP from upstream breaches. Future
work will incorporate hydrological approaches for down-
stream discharge reduction due to flooding, ensuring the con-
sideration of upstream breaches on downstream flow in DFP
assessment.

5 Conclusions

This study aims to quantify flood risk in the context of flash
flood conditions in steep-gradient river. It involves the con-
struction of a model to assess levee breach conditions as
probabilities and proposes a method for calculating breach
probabilities considering upstream levee breaches. The re-
search outcomes are as follows:

— Developed a breach probability evaluation model that
considers uncertainties associated with overtopping
events.

— Highlighted the necessity of considering interdepen-
dence between breach points in breach events.
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