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Abstract: For water resource engineering projects, some potential risks that are unclear and difficult
to investigate are the most crucial problem for engineers. This study presents a unique case of
unknown risks, the Kang-Wei-Kou (KWK) Diversion project, which collapsed due to an unexpected
hydraulic jump resulting from uneven regional rainfall. We used HEC-RAS incorporating Monte
Carlo simulations for analyzing the potential risks to the original design of the KWK Diversion,
concerning boundary conditions. An extreme value type I distribution was selected as the form of
probability density function (PDF) to upstream discharge, whereas a normal distribution was selected
as the form of PDF to downstream water depth, as boundary conditions. Applying the Monte Carlo
method, the analysis revealed that the probability of failure was 7.5%, which was non-negligible
and should have been considered in the design plan. This case study indicates that overlooking
downstream conditions can lead a major facility to fail, and a stochastic analysis could be a way to
find out potential risks. We also applied the cost–benefit analysis to review whether the design plans
were appropriately estimated with careful risk based consideration.

Keywords: risk management; Monte Carlo simulations; stochastic analysis; hydraulic failure; cost–
benefit analysis

1. Introduction

In water resource engineering projects, uncertainties are unavoidable [1,2]. The fact
that uncertainty in the design of hydraulic structures can lead to system failure has led
to the development of numerous risk based approaches to the management of water re-
sources [3,4]. Most uncertainties in water resource engineering projects can be attributed to
human ignorance and the complexity and randomness inherent in natural systems [5,6].
Mays and Tung [7] categorized uncertainties as hydrologic, hydraulic, structural, and eco-
nomic. Hydrologic conditions, especially flood characteristics [8], are the main culprits in
the failure of hydraulic facilities [9,10]. Risk based planning and the management of water
resource systems require knowledge of the variability in hydroclimatic processes [11,12].

The estimation of streamflow variability is generally based on frequency analysis,
and the risk associated with random hydrologic events is considered in terms of its return
period [13], despite the simplicity of the underlying assumptions [14]. Hydrologists have
developed many methods for the analysis of flood frequency; however, these methods
often depend on the availability of observation data and specific hydrometeorological
characteristics [15]. The field of stochastic hydrology has traditionally been concerned
with the problem of the natural uncertainty of quantity [16,17]. Many of the important
developments in applied statistics, such as extreme value theory and stochastic simulation,
were originally developed by researchers in stochastic hydrology [18]. A host of stochastic
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models have been developed to model natural time series, which has made it possible
to use synthetic streamflow models to reproduce hydrologic behaviors with a sufficient
degree of variability to meet the needs of water resource engineers [19].

Recent flooding events have prompted a reformulation of flood risk management
practices; however, integrated risk based approaches to flood management are already well
established [3,20–22], and probabilistic risk analysis has been used for some years in the
narrower context of flood defense engineering [23–25].

The literature includes numerous approaches to the design of hydraulic facilities [23,26–29].
Tung and Mays [30,31] proposed a risk based approach to flood levee design in which
hydrologic as well as hydraulic uncertainties are considered. Note that they defined
risk as the probability of a natural flood exceeding the capacity of the levee. Lee and
Mays [32,33] extended their risk evaluation procedure to analyze the risk resulting from
the hydraulic uncertainty of Manning’s equation. Anselmo et al. [34] proposed a risk
assessment framework in which hydrological and hydraulic modeling are integrated, to
estimate the effects of flood events in flood prone areas. Salas et al. [14] proposed a risk
assessment procedure using a variety of statistical methods to quantify the probability of
hydraulic structure failure due to hydrological uncertainties. Apel et al. [35] proposed a
simple probabilistic method to assess the probability of dike failure. Risk analysis is also
useful in quantifying the risks associated with dams, and estimating the impact of dam
failure [9,36–39]. Bellos et al. [40] examined the uncertainties of a dam breach, and found
that the uncertainty of the flow peaks is greater than the uncertainty of the maximum water
depths, and detected a decreasing trend of uncertainty along the river to downstream.
Risk based analysis is employed in a wide range of applications associated with hydraulic
engineering [10,27,30,31]. The concepts and methodologies of risk based design provide
a logical and systematic approach to the analysis of design related uncertainties. Risk
based design can also be implemented within an optimization framework, to estimate the
minimum annual expected cost [40].

Studies in risk analysis and decision making have underlined the importance of ac-
counting for uncertainty in formulating reliable decisions [41]. Risk analysis provides a
framework to facilitate the analysis of potential risks [25,42,43]; however, the insufficiency
of quantitative uncertainty often yields different answers, which can lead to erroneous
decisions [43,44]. Risk and uncertainty are commonly analyzed using mathematical and
statistical methods, the point estimate method, direct integration, Latin hypercube sam-
pling, and Monte Carlo simulation [6]. Event uncertainty can be quantified using the
coefficient of variation and probability distributions, but it is difficult to obtain all the
necessary information and many variables cannot be estimated due to data availability,
repeatability or computational complexity [45–47]. Furthermore, it is very easy to disregard
essential criteria [6].

Potential risks sometimes are unclear and difficult to investigate. Failure mode and
effects analysis (FMEA) was developed in the late 1950s and became a standard military
protocol in the 1980s [48]. Failure mode refers to the manner in which a system or sys-
tem component fails to meet design requirements [49]. Failure mode analysis depends,
primarily, on defining a system failure [50]. Several studies have summarized potential
failure modes associated with flood control measures, such as levees, diversions and pump
stations [51–53]. Safety margin and safety factor are two reliability measures frequently
used in engineering. Yen [54] summarized several types of safety factor and discussed
their applications. Probabilistic and stochastic methods are well suited to evaluating the
reliability of hydraulic engineering systems. The most direct approach involves the statisti-
cal analysis of records related to previous failures in similar systems. Another (less direct)
approach involves reliability analysis, which considers the contribution of every factor that
could potentially have contributed to the failure.

This study presents a very special case, the Kang-Wei-Kou Diversion (KWK Diversion)
engineering project in Tainan, Taiwan, which was built to protect the downstream area
from flooding. Since the KWK Diversion was finished on 27 July 2014, it has been used
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to divert flood water from the Kang-Wei-Kou stream (KWK Stream) into the Er-Jen river.
On 10 August 2014, the KWK Diversion collapsed due to unexpected failure resulting
from uneven regional rainfall, which caused flooding upstream of the diversion, with a
relatively low water stage at its downstream end. The unexpected low water stage led to
the formation of a hydraulic jump within the KWK Diversion channel, which damaged the
channel bed in a section close to the outlet, resulting in severe scouring and in the eventual
collapse of the bank walls. This study reports an ex post analysis of the risk associated to
this unpredicted failure mechanism, with a particular focus on the relationship between
the upstream and downstream water stages. Our approach combines one dimensional,
deterministic hydraulic modeling with hydrological uncertainty by performing a Monte
Carlo simulation for analyzing the potential risks. Cost–benefit analysis was also applied
to re-examine the reasonability of the original design within the context of risk.

2. Materials and Methods

Most regulations pertaining to hydraulic engineering focus on the prevention of
failures resulting from high flow conditions in upstream areas. However, undue emphasis
on upstream conditions often leads to downstream conditions being overlooked. Without
due attention to downstream conditions, many facilities are susceptible to failure. The
failure of the KWK Diversion is a good example of unexpected downstream conditions
causing a major facility to fail. In this study, stochastic analysis was used to elucidate the
risks to the KWK Diversion, which the designers and managers had failed to notice. It
should be noted that erosion processes are inherently uncertain and a number of studies
have attempted to quantify these uncertainties [55,56]. However, due to their complexity,
these go beyond the scope of this paper.

2.1. Study Area

The KWK Diversion is a flood control engineering project located between the KWK
stream and Er-Jen river along the Zhongshan Freeway bridge in Tainan City, Taiwan (red
line in Figure 1). The length of the main drainage system is approximately 16,840 m,
running through a catchment area covering 36,730,000 m2. According to government
sources, the downstream flood area includes residential and industrial areas in the vicinity
of the freeway bridge, and average flood damage causes New Taiwan Dollars (TWD)
516 million loss per year (Water Resources Agency, Taichung, Taiwan, 2009). In an effort
to mitigate damage from flooding, the government constructed a new floodway to guide
the flow from the upstream catchment into the river, to release flood pressure in the
downstream area.

The KWK Diversion diverts additional runoff from the KWK stream into the Er-Jen
river before it enters the downtown reach of the KWK stream. The drainage stream project
was finished in early August 2014; however, by 10 August, the left bank revetment had
collapsed close to its outlet in the Er-Jen river (see Figure 2). The fact that the flowrate
did not exceed the designed safety criteria meant that this structural failure would not
have been anticipated. During the initial design phase, engineers considered putting in
a channel that was completely lined with concrete; however, that plan was down rated
due to ecological and budgetary concerns. Thus, the diversion channel was eventually
constructed with retaining walls to support the river bank, but preserving the original river
bed. In hindsight, it would not be fair to make any claims pertaining to the wisdom of this
decision. Nevertheless, it is worth re-examining those decisions within the context of risk
based on estimated potential loss.
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Figure 2. The process of the failure of KWK diversion.

2.2. HEC-RAS Simulation

The modelling analysis makes use of HEC-RAS (Hydrologic Engineering Center’s
River Analysis System) version 5.0.3. An HEC-RAS model is a common hydrodynamic
simulation software package used for the modeling of hydraulic flow. Geometric data
representation and hydraulic computation routines are used to replicate networks of river
channels (natural and artificial). HEC-RAS is able to generate simulations of 1D steady
flow and 2D unsteady flow for river flow analysis, as well as sediment transport and water
temperature/quality. Our objective, in this study, was to elucidate the interdependencies
between hydrodynamical conditions, hydrological factors, and facilities of the KWK Di-
version; therefore, we focused on 1D open channel flow in HEC-RAS simulation model.
This model computes water surface profiles by solving shallow water equations and deals
with the occurrence of hydraulic jumps using Manning’s equation and the momentum
equation [57].
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An HEC-RAS model of KWK Diversion was developed and certified for planning pur-
poses by the Water Resources Agency (WRA), Taiwan. The WRA, Taiwan [58] compared
six scenarios involving detention pond volume and the capacity of the diversion. The final
plan was based on a scenario that addressed the maximum capacity of the diversion. The
resulting 1D open channel model of the diversion covered a length of 3634 m comprising
102 sections. The Manning’s n value for the two culverts was 0.016, and 0.025 in the remain-
der of the channel. The difference in elevation between the upstream and downstream
river beds was measured at roughly 2 m, which is equivalent to an average slope of 0.55%.

The diversion was intended to deliver flood discharge at 181 m3/s under events
with a 25-year return period. At the point where the KWK Diversion connects to the
Er-Jen river, the water stages corresponded to the following event return periods: 10 years
(9.46 m), 25 years (9.73 m), and 100 years (10.41 m). The boundary conditions used for
the original design plan included the upstream flowrate and downstream water depth
(the larger value of the normal depth and the 25-year return period water stage of the
Er-Jen river) [58]. Note that the boundary conditions, which are crucial to the risk of failure,
were varied throughout the stochastic simulations rather than assigning a fixed number, as
in previous planning reports. HEC-RAS simulations were used to derive hydrodynamic
features, including water level, velocity, and energy gradient in various section of the
KWK Diversion.

2.3. Hydrologic Conditions

Hydrologic conditions were the inputs required for HEC-RAS simulation. In our
stochastic analysis of the KWK Diversion, the upstream boundary condition was flowrate,
whereas the downstream boundary condition was water depth. Historical data obtained
from related planning reports were subjected to frequency analysis to derive probability
distributions pertaining to water depth and flowrate. The Monte Carlo method was
then used to assess the operation of the diversion channel and, in particular, the possible
formation of a hydraulic jump.

The hydrologic conditions were based on a planning report [58] and an investigation
into the current status of the Er-Jen river system. Table 1 lists the results of frequency
analysis on the hydrologic conditions related to the KWK Diversion corresponding to
seven return periods (2, 5, 10, 20, 25, 50, and 100 years). Discharge values were used to
indicate the flowrates from the KWK stream (used as the upstream boundary conditions),
whereas the surface elevation values were used to indicate the water level of Er-Jen river
(used as the downstream boundary condition). Note that the upstream and downstream
boundary conditions were mutually independent, to facilitate the detection of anomalies
(e.g., hydraulic jumps and channel scours) that might otherwise be overlooked.

Table 1. The frequency analysis of the hydrologic conditions.

Return period (year) 2 5 10 20 25 50 100
Discharge (m3/s) 121.65 152.89 168.00 178.65 181.00 186.58 188.24

Water surface elevation (m) 7.90 8.80 9.46 9.55 9.65 9.91 10.41

We derived probability distribution functions (PDF) capable of describing the historical
data for stochastic analysis. The study applied the maximum likelihood method for
the probability fitting, and measured the goodness of fit by AIC (Akaike information
criterion) to select among different distributions. The hydrological data is from 1986
to 2014 and annual maximum series were used for analysis. An extreme value type
I distribution was selected as the form of PDF to flow discharge (upstream), whereas
a normal distribution was selected as the form of PDF to water depth (downstream).
Figures 3 and 4 present the fitting results of the cumulative distribution function (CDF)
to upstream and downstream conditions. Using the PDF, we applied the Monte Carlo
method to generate 1000 sets of scenarios, combining upstream and downstream boundary
conditions simultaneously. Note, however, that the two PDFs were treated as independent
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rather that paired, due to a lack of temporal information in the original dataset that made
it impossible to identify instances of correlation. Thus, we had no choice but to treat the
upstream inflow and downstream water levels as independent. The simulations provided
a sufficient number of results to evaluate the degree of risk under a variety of upstream
and downstream conditions.
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3. Results

As described in the previous section, this study performed a risk analysis to evaluate
the probability of the failure of the KWK Diversion channel. The models adopted boundary
conditions generated from 1000 Monte Carlo simulations based on various discharge
values and water levels. We adopted the concept of exceedance probability to express
the level of risk. The data was visualized in the form of flow depth and velocity profiles
along the diversion channel, as shown in Figures 5 and 6. In these figures, the distance
refers to the channel station measured from the downstream to the upstream section of the
diversion channel.
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Figure 5 presents velocity profiles along the diversion channel. Note that the average
velocities (black line) in most of the sections were between 1 and 2 m/s, and greater than
2 m/s, at the river station between 200 to 500 m. As can be seen, most of the areas with
high velocity flow were located in the downstream section. We classified the reach into
three sections, segmented by two major culverts (at 581 m and 1262 m), which were built to
bypass a station for the high speed railway Sharon branch and Evergreen road, respectively.

Figure 6 indicates the exceedance probabilities of the largest velocities in three sections.
The lines represent three sections divided by two culverts, and the numbers refer to
the reaches of the sections. In Figure 6, the flow velocity of the section at 0~581 m has
20% chance of being larger than 5 m/s. The channel width is changed from 12 m at river
station 271 to 25 m at river station 180 m. This changed the streamflow in the channel
from a subcritical flow to a supercritical flow, and then went back to a subcritical flow by
a hydraulic jump, as shown in Figure 7. Figure 7 is one of the results by HEC-RAS, for
example. This case is set at 100-year return period discharge as an upstream boundary
condition, whereas normal depth as a downstream boundary condition. The green line is
the energy grade line; the blue line is the water surface; the red cross indicates the critical
depths. Two culverts are also shown in Figure 7: round river station 580 m to 1120 m and
1260 m to 1530 m. With rapid velocities, the water surface level was below the critical depth
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under supercritical flow conditions, causing a hydraulic jump slightly downstream to
dispense excess energy and bring the water level back to the normal depth. The hydraulic
jump depleted much of the energy, and caused riverbed erosion, leading to the collapse of
the KWK Diversion in 2014.
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In the past, engineers focused on whether there was sufficient capacity above the
flood level to maintain the integrity of levees, but largely disregarded the risk of failure
caused by flow conditions, such as a hydraulic jump. Standards established by the WRA,
Taiwan [59] stipulated that levees provide 30~50 cm freeboard above the flood level for
major and secondary rivers. In the U.S., CFR 65.10(b)(1)(i) requires a minimum of 150 cm
freeboard along levee systems, with an exception for situations in which uncertainty
analysis demonstrates that the system provides adequate protection.

Our HEC-RAS results revealed that, in this case study, the probability of structural
failure due to hydrodynamic conditions exceeded the probability of overbank events.
Among the 1000 simulation sets, 75 produced hydraulic jumps in the downstream areas,
which means the probability of hydraulic jump was 7.5%. The histogram of the magnitudes
and locations of these 75 hydraulic jumps produced is demonstrated as Figure 8. In this
figure, the magnitudes of the hydraulic jumps are given in term of the Froude number
before the hydraulic jump, and the locations are presented as the river stations at the cross
section upstream before the hydraulic jump. Note that these estimates are conservative,
as we assumed that upstream and downstream conditions were perfectly independent.
Additional data would be required to explore the dependence between upstream and
downstream hydraulic conditions.
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Figure 8. The histogram of the magnitudes and locations of 75 hydraulic jumps produced by simulation. (a) Magnitude;
(b) Location.

4. Discussion

Engineers generally use flood hazard analysis to guide the design of hydraulic facili-
ties, such as floodways. According to FEMA [60], the four inputs required for 1D steady
flow simulations are cross section geometry, loss coefficients, water surface elevation, and
peak flow discharge. Basic flooding is delineated by 100-year return period events, and
floodplains and floodways should be able to withstand events of 500-year return period
intensity. FEMA provides several suggestions to determine the sufficiency of the data
used to assess downstream boundary conditions. Downstream boundary conditions are
usually determined by the elevation of water surfaces; however, when reference values
are unavailable, designers can use depths related to structures, such as drop structures
or culverts. When neither type of data is available, the normal depth can be used for the
downstream boundary condition.

According to FEMA guidelines, the rule of thumb is to consider system failures within
the context of overall extreme events, under which all components are at their maximum
loading. Note that rainfall distributions are highly spatially variable, particularly during
thunderstorms and typhoons. Under those conditions, hydraulic conditions often deviate
considerably from the design parameters, resulting in failure. The failure of the KWK
Diversion is a case in point. The KWK Diversion was designed to reduce the risk of flooding
under high return period events. In these scenarios, it is usual to use high water surface
levels as upstream and downstream conditions. On the day of the failure, precipitation
was concentrated in the upstream area rather than over the entire area. As a result, the low
water level in the downstream section created the hydraulic conditions capable of inducing
a hydraulic jump. The readers are also referred to [61–63] for the influence of downstream
boundary conditions on the operation and performance of hydraulic structure. Definitely,
dealing with uncertainty should consider more aspects besides hydrological variability [64],
for example erosion [55,56] or others, such as roughness, longitudinal gradient and grid
resolution [65]. Further works were restricted due to the increase in the complexity of
analysis, but could be investigated to some degrees by sensitivity analysis.

After exposing the risks, we should determine whether the risk was worth the benefits
of cost saving. As mentioned previously, the original design included a concrete lined
channel over the entire length of the KWK Diversion, whereas the final (riskier) design
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used only retaining walls as a cost saving measure. We, thus, used cost–benefit analysis to
re-examine the decisions that led to the final engineering plan within the context of risk.
According to the WRA, the total cost of the project was TWD 2460 million and the total
benefit was estimated at TWD 3444 million, with a discount rate of 6% and 20 years of
economic life. Note, however, that the benefits were estimated without considering the risk
of structural failure resulting from a hydraulic jump. More comprehensive cost–benefit
analysis would also account for the risk of the hydraulic jump leading to collapses of the
channel, which was estimated at 7.5%. However, it should be noted that this estimate of
the risk is based on the assumption that the hydraulic jump will definitely cause riverbed
scouring and the collapse of channel. This assumption could be very likely correct, but
in some cases the construction might be able to resist against hydraulic jumps without
physical damage. A more physically based adjustment of the failure threshold founded on
the mechanics of sediment transport or river hydraulics is worth further discussion, but
still out of the scope of this study.

In the following, we compare two scenarios that represent the original plan and
an alternative:

Scenario A: concrete lined channel (alternative plan)
Scenario B: concrete retaining wall for riverbanks only (original plan)

The total net benefit of Scenarios A and B can, respectively, be derived using
Equations (1) and (2):

20

∑
n=1

X
(
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)n−1
(1)
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[
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]
+ (1 − p)20
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1 + r

)n−1
(2)

where p indicates the risk of collapse each year, X is the annual benefit, and r is the discount
rate, n is the number of years after the completion of the project. Equation (1) describes the
flood control benefits of the original design which is estimated around TWD 3444 million,
the flood control benefit within the context of failure probability due to hydraulic jump is
only TWD 1922 million. The benefit of Scenario B is TWD 1522 million lower than that of
Scenario A, approximately half. Clearly, the risk of failure due to hydraulic jump cannot be
disregarded, unless there are other benefits or cost savings of Scenario B (over Scenario A)
exceeding TWD 1522 million.

5. Conclusions

Excessively high water levels are a key issue in the design of flood control facilities;
however, there are numerous risk factors that must be identified by carefully examining the
specifics of the project. The failure of the KWK Diversion should be a reminder to engineers
of the potential risks that are so easily disregarded during the design process. The most
important problem for engineers is not to prevent known system failures, but, rather, to
deal with failures that have not previously been encountered. Monte Carlo simulations
provide one approach to resolving this problem.

In this special case, it would be preferable to install low weirs or guided racks to
maintain the water at an appropriate level. Efforts should also be made to ensure a smooth
transition between sections with different slopes or widths, in order to prevent excessive
energy loss or an abrupt change in flow conditions. Cost–benefit analysis could be used
to estimate the amount of money available to reduce these risks before drawing up a
final plan. It is reasonable to pick the plan with the greatest net benefit; however, it is
also necessary to adequately consider the possibility of facility failure. Finding a suitable
balance between economic considerations and engineering objectives is a critical question
requiring further consideration
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