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Abstract: It is important to determine the hydraulic boundary eigenvalues of typical embankment
breaches before carrying out research on their occurrence mechanisms and assessing their repair
technology. However, it is difficult to obtain the hydraulic boundary conditions of the typical
levee breaches accurately with minor or incomplete measured data due to the complexity and
instability of the levee breach. Based on more than 100 groups of domestic and foreign test data of
embankment/earth dam failures, the correlation between the hydraulic boundary eigenvalues of
a breach was established based on the cluster analysis approach. Additionally, the missing values
were imputed after correlating and fitting. Meanwhile, the hydraulic boundary parameters and the
related equations of a generalized typical breach were obtained through the statistical analysis of
the probability density of the dimensionless eigenvalues of the breach. The analysis showed that the
width of the breach mainly ranges in 20~100 m, while the water head of the breach is 4~12 m, and the
velocity of the breach is 2~8 m/s. The distribution probabilities of all them are about 64~71%. The
probability density of the width-to-depth ratio and the Froude number of the breach are both subject
to normal distribution characteristics. The distribution frequency of the width-to-depth ratio of 3~8 is
approximately 55%, and the Froude number of 0.4~0.8 is approximately 60%. These methods and
findings might provide valuable support for the statistical research of the boundary and hydraulic
characteristics of the breach, and the closure technology of breach.

Keywords: embankment breach; hydraulic boundary eigenvalues; cluster analysis; missing values;
probability density

1. Introduction

Embankments of alluvial rivers in plain areas are mostly built by raising soil and
strengthening on the original natural bank, such as on the Yellow River in China and the
Jamuna River in Bangladesh, and most of them are based on natural sedimentary soil. The
variability of soil distribution and geotechnical parameters of embankments is relatively
large [1], which makes embankments often face risk of collapse under special hydraulic
conditions during flood season. A flood disaster caused by a dike breach not only threatens
the lives and property of residents along the river, but also seriously affects the stability of
the surrounding society and regional economic development [2]. River dikes are limited
by design conditions and are also affected by external environmental conditions that can
shorten their service life, and they can be broken by various trigger factors, especially under
extreme storm and flood conditions [3,4]. To avoid the destruction caused by accidental
levee damage to a floodplain, understanding the mechanism of a breach and seeking to
reduce the flood hazard are issues of great concern to water conservancy workers.

The occurrence of a dike collapse is a random process that is affected by river flow,
embankment soil and various sporadic factors. Different dam breaks have different hy-
draulic boundary characteristics, and these characteristics are also related to the occurrence
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and duration of a dam break; therefore, determining the shape and size of the fracture
is a very complicated river observation and research problem. In the design of scientific
research and blocking technology related to embankment collapses, it is usually necessary
to work on a specific or representative typical fracture; therefore, an analysis of the typical
hydraulic boundary feature values for a relatively common dam breach is necessary to
study a model test of a breach or to assess the risk of a breach flood.

Embankment collapse remains one of the focus topics concerned by academics and
technology engineers in worldwide. The purpose of the collapse simulation is to establish
a physical or mathematical model and to simulate the state and the movement property
of the breach so as to carry out risk assessment and to publish an early warning of flood
disaster. There are mainly two types of simulation methods on the breach:

Firstly, according to the actual hydraulic boundary conditions of an existing levee,
a dynamic or fixed bed model is established to study the hydraulic characteristics of the
development of a crater or a clogging period. For example, The US Army Engineers Re-
search and Development Center [5] established a 1:50 SacramentoRiver Delta embankment
model in 2011 to simulate the development of a breach and proposed a new rapid plugging
technology (RRLB). RRLB technology was used to simulate the process of fracture sealing
in the model test of a collapse. Tian et al. [6] carried out a hydraulic test of a moving bed
using the established Yellow River embankment collapse model and carried out research
on the shape change law of the mouth of the breach. Li and others [7] established a three-
dimensional numerical model of a river embankment breach in Jiangxi Province based
on FLOW-3D software. A numerical simulation of the blocking process of the vertical
plugging method and the flat plugging method was carried out, and the water level change
and velocity field distribution near the breach during the plugging process were obtained.

Secondly, based on experience, the typical hydraulic boundary conditions of a breach
are used to establish a generalized fracture model to carry out research. To verify the
feasibility of the new clogging technology, the US Army Engineers Research and Develop-
ment Center [5] established a 1:16 (partial and overall) generalization model (prototype
embankment with a width of 80 ft, water depth of 20 ft, and mouth water head maximum
of 18.5 ft). Xia et al. [8] established a generalized fracture model with a given fracture
width and water depth under the condition of neglecting some boundary factors (dike
soil quality, crater foot, door-to-door ratio, etc.), and carried out a simulation study on
the characteristics of the collapsed water flow, including inside and outside the dike. The
hydraulic model experiments carried out by Soares [9] and Bellos [10] revealed the char-
acteristics of flood waves under different conditions. The above two methods were used
in the study of collapse or plugging tests, and certain specific test results were obtained.
However, because the fracture model is designed according to an actual fracture design
or by empirical generalization, the representativeness and persuasiveness of the research
object are insufficient. It is necessary to obtain a representative characteristic value of the
hydraulic boundary of the breach based on a large amount of existing fracture data and
use it as a scientific basis for the study of the fracture.

Although there are many data on crater records, there are few valuable hydraulic
boundary data, and there are many missing, and these missing values are exactly what
are needed in this research. Hence, there is a need for statistical analysis principles to fill
in missing values fit through the establishment of a number of algorithms. At present,
research on breach-parametric statistical analysis is also limited, but in other areas, there are
similar studies on a random amount of missing data. For example, Mohammad et al. [11]
used the game theory rough set (GTRS) model to improve the original three-way clustering
method to address missing values in clusters. Although improved methods may yield
fairly good estimates, they usually require a longer estimation time than statistical methods.
Tsai et al. [12] used numerical, classification and mixed data types for experimental analysis.
By comparison with other missing value estimation statistical methods, a class-centre
method based on missing value estimation (CCMVI) was proposed, but this method lacks
validation of the actual dataset. Yaser et al. [13] proposed and assessed an effective multiple
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linear regression analysis algorithm for missing datasets and applied it to chemometric
analysis. Günther [14] used other non-numeric-based data analyses and proposed an
algorithm for estimating missing values, which complements missing values by statistical
methods that maximize the consistency of the dataset. This non-invasive selection technique
for missing value estimates is likely to change the original nature of the dataset during
the statistical process. The above methods have different characteristics for missing data
estimation. For different random data, we can refer to these methods when conducting
statistical analyses of the collapse parameters and missing values.

To achieve breach hydraulic boundary eigenvalue analysis and to determine the typical
breach hydraulic boundary conditions, breach basic physics research and closure work
are needed to affect these complex technical studies. Reasonable arguments in favour of
hydraulic boundary breach experimental study conclusions are necessary for a convincing
and representative model to expand the use of research results. It is beneficial to provide
relatively reliable basic parameters for the design of fracture blocking technology and
improve the scientific design of blocking technology. This paper aims to propose a method
to scientifically determine a levee breach typical characteristic value based on the results
and draw a statistical study of cluster analysis to provide the necessary technical support
for research trials and closure work for technical breaches.

2. Research Object and Analysis Methods
2.1. Research Object

(1) Embankment breach and developing characteristics

When a flood impacts a river embankment, the soil embankment is sometimes dam-
aged by a flow-washing brush, forming a collapse gap (breach), and the flood rushes out
from the breach of the embankment to cause a flood disaster. Generally, breach develop-
ment goes through three stages: pre-, mid- and post-break, as shown in Figure 1.

Figure 1. Schematic diagram of occurrence characteristics of embankment breach. Bi, Hi and vi
denotes the width, water level and velocity of the breach at moment I, respectively, while B, H, and v
denotes the maximum value of the width, water level and velocity of the breach, respectively.

Just when the breach occurs, a narrow entrance velocity gradually increases rapidly,
opening the door to gradually increasing traffic. The initial collapse port is small, the water
level difference between the inside and outside of the breach is large, the flow velocity
increases rapidly, and the breach continues to expand laterally; when the width and depth
of the breach extend to near equilibrium, the flow rate of the fracture tends to peak and
enters the second stage. The water level of the crater gate will remain stable for a certain
period of time, and the flow into the breach will also stabilize for a period of time. At
this stage, the collapse width will reach or approach the maximum. As the water level in
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the beach area increases, the water level difference between the inner and outer sides of
the dike will decrease, causing the fracture flow to begin to decrease and enter the third
stage. The water level of the river gradually decreases and falls, and the flow rate and
velocity of the fracture gradually decrease until the attenuation is near zero. Under normal
conditions, the width of the fracture remains basically unchanged. The river water level
decreases, the breach flow velocity gradually decreases until near zero attenuation, and
the width of the breach is substantially unchanged under natural conditions. To study the
hydraulic boundary characteristics of the breach, this paper mainly selects the characteristic
parameters of the middle and late stages of the fracture for analysis and study.

(2) Dike collapse characteristic value

According to the statistics of a large number of river dikes and the analysis of fracture
test results, although the forms and development of a breach are different, their hydraulic
boundary characteristics still have some commonalities. The generalization of the vertical
and horizontal sections of a general river embankment collapse is shown in Figure 2a,b.
Its main features are the hydraulic boundary breach width B, entrance head H, side slope
coefficient of collapse m, the drop between the upstream and downstream of breach ∆Z,
entrance velocity v, and breach flow rate Q. Its changing characteristics are shown in
Figure 1. Among them, the entrance head H and the drop ∆Z have a greater influence
on the fracture depth h. This paper intends to select the five characteristic values of the
fracture width B, the mouth head H, velocity v, discharge Q and the drop ∆Z as the main
characteristics of the fracture hydraulic boundary. The three direct variables of the width B
of the mouth, the head H of the mouth and the velocity v of the mouth are combined into
two dimensionless parameters: the ratio width to depth B/H and the Froude number Fr,
where B/H reflects the geometry of the fracture section. Fr is used to characterize the flow
state and flow intensity at the breach.

Figure 2. The transverse and longitudinal section of the generalizes breach. The left figure (a) shows
that the cross section of the breach is generalized as a trapezoid shape with side slope m = 1.0 and
height of the dyke as h. The right figure (b) shows that there is a water head drop ∆z between two
sides of the breach along the flood direction. The meaning of other symbols in the figure are same as
above of the respective characteristic value, and the abscissa is time breach developing.

2.2. Analytical Research Methods
2.2.1. Research Ideas

Because breach data are obtained in very urgent cases, the value of each characteristic
parameter is mostly incomplete, and simple mathematical statistics cannot obtain reliable
statistical characteristic values for the flow and border of the breach. Therefore, this paper
intends to collect domestic and international actual breach data as the basic data sources,
use some model test data as the assist data to enhance the integrity of the data, and analyse
the random distribution law of the hydraulic and boundary parameters of the breach
by statistical principles such as cluster analysis. Through fitting analysis and correlation
interpolation, the hydraulic and boundary eigenvalues of the generalized fracture and its
correlation equation are determined based on the probability density statistics. The test
data set that was used in fracture model was abundant and reliable. Of course, it must be
noted that the scale effect of the breach model is too small to neglect because the patterns of
flood evolution in a breach are the same with different model scales by estimating the scale
effect of the breach model test [15,16]. Therefore, the test results data can be combined with
a statistical analysis of prototype observations.
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2.2.2. Specific Analysis Methods

The cluster analysis method is used to systematically cluster the scoping hydraulic
boundary values of the breach, and the correlation between each eigenvalue variable is
sought. The research process is shown in Figure 3. Linear or non-linear fitting analyses
are performed for two sets of variables with good correlation to interpolate the missing
parameters of the actual breach. The fitted eigenvalue parameter is compared with the
original data for relative error analysis. If the proportion of the error is large, the fitting
parameter is readjusted until the control error is within the allowable range.

Figure 3. Research logic chart by means of cluster analysis method. During the process, the feature
values are considered dimensionless, and the probability density distribution characteristics of each
dimensionless parameter are analysed. On this basis, the hydraulic-boundary feature value of the
generalized breach are determined.

Cluster analysis is a better way to find the correlation between random quantities.
From the view of structural characteristics, the methods of cluster analysis are divided
into partitioning methods and hierarchical methods [17]. Partitioning is the assignment
of samples to a fixed number of groups whose characteristics are not known clearly but
are based on a set of specified variables, which are primarily suitable for classifying
large (thousands) samples. The hierarchical approach aims to reveal natural groupings in
datasets, which are primarily suitable for classifying less data (fewer than a few hundred).
Among them, the hierarchical clustering method is mainly divided into two categories:
classification for variables (R-type clustering) and classification for individuals (Q-type
clustering) [18,19].

To avoid the influence of eigenvalues on cluster analysis and correlation research due
to dimensional characteristics, it is necessary to standardize the raw sample data of the
breach [20]. The Z score standardization method is adopted for data standardization pro-
cessing, which can make the standard deviation 1 and eliminate the influence of dimension
and magnitude. Its mathematical model is:

Zij =
Xij − Xij

Sj
(1)

where Zij is the standardized breach variable, i = 1, 2, 3, . . ., m (m is the number of samples);
j = 1, 2, 3, . . ., n (n is the number of variables); Xij is the observed data of the breach; Xij is
the average value for variable j in the breach sample; and Sj is the standard deviation for
variable samples of the breach.

To analyse the correlation between the distance-variable variables, the Pearson corre-
lation is taken as the metric standard to calculate the correlation coefficient between each
eigenvalue. The calculation method is:

r =

m
∑

i=1
(xi − x)(yi − y)√

m
∑

i=1
(xi − x)2 m

∑
i=1

(yi − y)2
(2)
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where m is the sample quantity. xi and yi are the values of the two variables, which were
standardized with Equation (1).

After determining the correlation between the eigenvalue variables, to obtain unknown
(missing) data from limited known data, it is necessary to select a variable with an intimated
correlation to perform fitting regression according to the correlation coefficient. Data fitting
is used to discover the correlated relationship between the amount that is found, and the
most common method of least squares fitting approximation is the so-called least squares
method. The principle is that given a set of observation or experimental data {(xi, yi), i = 0,
1, 2, . . ., m}, the best curve y = S*(x) can be found from a specific curve to ensure that the
curve can fit those data most reasonably.

According to the data {(xi, yi), i = 0, 1, 2, . . ., m}, let yi = f (xi) (i = 0, 1, 2, . . ., m). Let
y = S*(x) be the fitting function of the given data, and record the error δi = S*(xi) − yi(i = 0, 1,
2, . . ., m), δ = (δ0, δ1, . . ., δm)T. Let ϕ0(x), ϕ1(x), . . ., ϕn(x) be a family of linear independent
functions on the continuous function space C[a,b]. Find a function S*(x) from ϕ = span{ϕ0(x),
ϕ1(x), . . ., ϕn(x)} to minimize the sum of squared errors:

‖δ‖2
2 =

m

∑
i=0

δ2
i =

m

∑
i=0

[S∗(xi)− yi]
2 = min

S(x)∈ϕ

m

∑
i=0

[S(xi)− yi]
2 (3)

Here:
S(x) = a0 ϕ0(x) + a1 ϕ1(x) + · · ·+ an ϕn(x) (4)

Generally, ϕ = span{1, x, . . ., xn}.
When obtaining the fitting curve by the least squares method, the form of S(x) should

be determined first. This usually starts by analysing the basic characteristics of the research
problem, then graphing based on existing data collected, and finally determining the form
of S(xi) [21–23]. To find the fitted curve by the least squares method, we find a function
y = S*(x) in S(x) shown as (4), which minimizes the sum of squared errors of the samples.
This is needed to determine the minimum point of the multifunction (a0

*,a1
*,. . .,an

*). Let
the multivariate function I be:

I(a0, a1, · · · , an) =
m

∑
i=0

[
n

∑
j=0

aj ϕj(xi)− f (xi)]
2

(5)

The necessary conditions for the extremum of the multivariate function are:

∂I
∂ak

= 2
m

∑
i=0

[
n

∑
j=0

aj ϕj(xi)− f (xi)]ϕk(xi) = 0, k = 0, 1, . . . , n.

By derivation, the least squares solution of function f (x) is obtained as:

S∗(x) = a∗0 ϕ0(x) + a∗1 ϕ1(x) + · · ·+ a∗n ϕn(x) (6)

After obtaining the fitting equation, a significance test for regression equations must
be performed to verify the existence of an objective relationship between two variables
to ensure fitting reliability. In general, the one-dimensional linear regression model uses
the t test for significance testing. For the regression line ŷ = â0 + â1x, we should test the
hypothesis:

H0 : a1 = 0↔ H1 : a1 6= 0 (7)

If

|T| =
∣∣∣∣ â1

σ̂/
√

Sxx

∣∣∣∣ ≥ tn−2

(α

2

)
,
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then reject the null hypothesis and accept a1 6= 0; otherwise, accept the null hypothesis.

Here, σ̂ =
√

SSe
n−2 ,Sxx = ∑ (xi − x)2, where SSe is called the sum of squared residuals,

SSe =
m
∑

i=1
(yi − ŷi)

2.

The degree of correlation between the dependent variable y and the independent
variable x can also be expressed by the determination coefficient R2 [24]:

R2 =

m
∑

i=1
(ŷi − y)2

m
∑

i=1
(yi − y)2

(8)

The larger R2 means how much stronger the linear correlation between y and x is
characterized by the regression curve.

Using a relative error to quantify the fitting degree, the standard of fitting values can
be analysed more intuitively. The data value distributions are more random in each data
group of breach collected. In this paper, the absolute value of relative errors is <0.5, which
is acceptable, i.e., the relative error e calculated by Equation (9).

e =
fitted value−Original value

Original value
(9)

After the above steps, the existing sample data can be fully utilized to integrate
the complete hydraulic boundary feature value of the breach. However, to improve the
universality of the breach boundary value, the general rule occurring in the breach must
be reflected correctly. Therefore, the fitting data interpolated above will be further treated
as dimensionless, and such analyses are no longer affected by the unit of every physical
quantity selected.

Since the breach eigenvalues have strong randomness and a wide distribution, the
breach dimensionless parameter also has a random distribution. This conforms to the
distribution characteristics of continuous random variables, that is, there must be a corre-
sponding distribution probability in any range l within the conditional interval [a,b] where
the breach may occur. To more intuitively understand the distribution characteristics of
breach sample data with general features, here, the probability density function should be
used to indicate the probability distribution of the dimensionless characteristic values in
the breach. Assuming that the probability density function of the dimensionless eigenvalue
X is a nonnegative function f (x), its probability in the interval (a,b] is provided as follows in
Equation (10):

P{a < X ≤ b} =
∫ b

a
f (x)dx (10)

Based on the formula above, the probability density distribution function f (x) of breach
variable X can be obtained by mathematical statistical analysis based on the processed
dimensionless data sample set.

3. Results and Discussion (Analysis of Eigenvalues of Generalized
Hydraulic Boundary)
3.1. Cluster Analysis Results for the Eigenvalues of the Breaches

In this paper, 104 sets of breach data are collected and used for fitting analysis. These
104 sets of breach data are shown in Figure 4. Among them, the 85 sets of earth embankment
breach examples are taken as the main fitting complement value objects. The collected data
consists of 55 groups of dike break cases in China, 30 examples of earth-rock dam breaks in
the USA [25] and 19 sets of dike break model test data from related scholars [6,21,24,26],
which are plotted in Figure 4. In Figure 4, type 1© consists of 55 sets of China dike break
examples, type 2© consists 30 sets of American earth dam break examples, and types 3©~ 6©
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consist of embankment model tests and numerical simulation data, including type 3©,
which is three groups of test data from Sun [27]. Type 4© is one group of test data from Tian,
type 5© is one group of test data from Li, and type 6© consists of 14 groups of numerical
simulation data from Wang [28]. Figure 4 shows that all sample data vary over a relatively
large range due to the complexity and multivariate (changeable) nature of the real breaches.
Generally, the width of the breach is distributed in the range of 10~240 m, in which the
minimum width is 8 m and the maximum is 620 m from investigation data. However, the
width of the breach is more centred in the range of 20~100 m with an occurrence frequency
of 0.64. The water head at the entrance of the breaches is mainly in the range of 1.5~17.4 m
(dike breach), centred between 4~12 m with an occurrence frequency of 0.68. The flow
velocity at the entrance is mainly 2~8 m/s with a distribution frequency of 0.71. The drop
upstream–downstream of the breach is generally 0.3~5.66 m, and the three kinds of data
have basically the same amplitude. The discharge through the breach is related to the time
factor depending on the process of breaking up levees, and its variation range is larger,
generally ranging from 10 to 50,000 m3/s, even if the maximum value of the dike breaking
sample reaches 4200 m3/s.

Figure 4. Hydraulic boundary eigenvalues of embankment breach. Considering the similarities and
differences in hydraulic boundary conditions, these three kinds of data were classified into 6 types.

The data of the burst sample comprise 104 groups, and the five types of characteristic
values are mainly calculated, including the width B of the breach, the water head H and
velocity v at the entrance of the breaches, the flow discharge Q and the drop ∆Z through
the breach. According to the random characteristics of the sample, the correlation analysis
between the respective eigenvalues is suitable for the hierarchical clustering method. To
analyse the correlations among the breach factors, to estimate missing values, the variable
taxonomy method was chosen. With the above statistical methods, the data for all samples
were analysed, and the results are shown in Table 1.

Table 1. Correlation coefficient matrix of each eigenvalue of the breach.

Eigenvalues B
/m

H
/m

v
/(m·s−1)

∆Z
/m

Q
/(m3·s−1)

B/m 1.000 0.535 −0.232 0.275 0.811
H/m 1.000 −0.191 −0.093 0.865

v/(m·s−1) 1.000 −0.226 −0.068
∆Z/m 1.000 −0.307

Q/(m3·s−1) 1.000
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Table 1 shows the correlations among breach factors based on the data analysis from
104 group samples. Taking B and H for example, the correlation of H vs. H and the
correlation of B vs. B both equal to 1, while the correlation value of B and H is 0.535. Due to
the difficulty of collection, some eigenvalues of the breach are still missing. As shown in
Table 1, at the α = 0.01 level, there are more significant correlations between discharge Q
and width B or head H, and their correlation coefficients are 0.811 and 0.865, respectively.
The correlation between the head H and breach width B is short of above with a correlation
coefficient of 0.535. The relationships between velocity v and drop 4Z or other breach
factors are relatively weak, with correlation coefficients not greater than 0.3.

Using the clustering method coupled between the two groups, taking the square of
the Euclidean distance as a calculation standard, R-type clustering analysis of inter group
connections is performed on the independent variables. A tree diagram is drawn by the
analysis result above, as shown in Figure 5.

Figure 5. Cluster analysis tree.

An analysis of Figure 5 shows that the discharge Q is close to the width B and the
water head H in the association distance, and the association distance between head H
and the width B is slightly too far, but the velocity v and the drop ∆Z are far from other
variables, which is the same as the above correlation analysis.

According to the above analysis, the function of the eigenvalue variable in agreement
with regression fitting analysis is as follows:{

Q = f (B)
H = f (Q)

(11)

For velocity v, its complement value can be calculated according to the flow continuity
equation. If the cross section of the breach is assumed to be a trapezoidal section [29], the
flow velocity can be obtained by the following formula:

v =
Q
A

=
Q

(kB−mH)H
(12)

where A is the water area of the cross section of the breach. k is the revised coefficient
of width B, and m is the side slope coefficient (see Figure 1). According to the study of
Wu [30,31], this can be approximated for the sand dam: k = 0.8, and m = 1.

According to the cluster analysis result, the fitting function expression between B and
Q can be obtained according to their correlation. Furthermore, according to the correlation
between Q and H, a functional expression for Q~H is fitted. Finally, the fitting function rela-
tionships, such as v with B, v with Q and v with H, are obtained according to Equation (12).
Therefore, the missing value estimation of each eigenvalue can be sequentially performed,
and the fitting analysis process is shown in Figure 6.
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Figure 6. Schematic diagram of calculation process of fitted and imputed value. The missing value
estimation of each eigenvalue can be sequentially performed.

3.2. Results of Fitting Regression Analysis

Combining the existing data in Table 1 with the above functional relationships, re-
gression analysis was performed on Q~B and H~Q. The fitting results are shown in
Figures 7 and 8.

Figure 7. Fitting regression curve of Q~B. According to the t test method, the standard error of the
fitting line is 3.733, and the t value is 10.098.

Figure 8. Fitting regression curve of H-Q. The intercept C of the fitting line is 5.486, and the standard
error is 0.974.
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(1) Fitting relationship between Q and B

According to the relevant characteristics of Q and B, the t test method is used to test
the significance of the slope of the fitting line, which is 37.7; the standard error is 3.733, and
the t value is 10.098. The t test value is much larger than the t value corresponding to the
significance level α, so the regression equation passes the significance test. Then, the fitting
equation is followed, as shown in Figure 7.

Q = 37.7B− 459.88 10 m ≤ B ≤ 300 m (13)

The corresponding coefficient R2 is 0.664, which is in accordance with the goodness of
fit test requirement.

(2) Fitting relationship between H and Q

According to the nonlinear relevant characteristics between H and Q, a regression
equation can be obtained by means of quadratic fitting: H = B1Q− B2Q2 + C. Figure 8
shows that intercept C is 5.486 with a standard error of 0.974, B1 is 0.00165, and B2 is
−1.069 × 10−8. Therefore, the fitting equation is

H = 0.00165Q− 1.069× 10−8Q2 + 5.486 15 m3/s ≤ Q ≤ 15, 000 m3/s (14)

The corresponding coefficient R2 is 0.783, which is also in accordance with the good-
ness of fit test requirement.

3.3. Fitting Complement and Dimensionless Parameter Analysis

By correlation analysis, the head H, velocity v and discharge Q all conform to the
fitting complement value condition of the breach. The 76 groups conform to the fitting
complement value condition from 85 groups of embankment breach examples. According
to Equations (12)–(14), the data of the three corresponding eigenvalues from 76 groups are
fitted and complemented. All of the data from the fitting complement and the data from
the original breach sample are classified and analysed (Figures 9 and 10).

Figure 9. Comparison of breach water head before and after fitting. The fitted data of water depth is
more uniform, and is centred in about 6 m.
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Figure 10. Comparison of gate flow rate before and after fitting. The fitted data of velocity ranges
mainly in 2 m/s and 7 m/s.

Those figures show the classification analysis diagrams after fitting the complement
for water depth and velocity of the breach. As shown in Figure 9, the water depth H is
distributed mainly over 13.5~1.5 m and is more concentrated near 6 m. The velocity in
the breach is distributed mainly in the range of 1~7 m/s (Figure 10). The distribution
characteristics and scope are all substantially similar between the original value and fitting
values (Figures 9 and 10).

A fitting error analysis was carried out for two characteristic parameters (depth H
and velocity v). The fitting error distribution is shown in Figure 11. The relative error
of depth H is approximately 68.18% within the ±0.5 error line, and the relative error of
velocity v is approximately 70.37% within the ±0.5 error line, so all fitted values meet
the predetermined fitting standard. This indicates that the fitting result is better, and the
interpolation values are consistent with the basic characteristics of the hydraulic boundary
of the breach.

Figure 11. Fitting error distribution of breach rate and water head. The relative deviation e of the
data is decreased largely after fitting.

To better express the general hydraulic boundary characteristics of the breach, the
width B, depth H and velocity v are dimensionless. A width-to-depth ratio B/H is obtained,



Water 2023, 15, 2908 13 of 18

which can represent the basic form of the breach, and the Froude number Fr is also obtained,
which can indicate the flow state and flow intensity. The formula is as follows:

Fr =
v√
gH

(15)

where v is the average velocity, and H is the water depth. The units of all parameters are
the same as the above quantities.

4. Discussion

In order to analyse the morphological and hydraulic characteristics of the breach, two
dimensionless key parameters were adopted, and the reliability of the key parameters
was estimated by fitting interpolation. The probability distribution characteristics of the
two random quantities are further explored. The statistical results (interpolated B/H
and Fr) are listed in Table 2, and the scatter distributions are shown in Figure 12 for the
samples obtained.

Table 2. Statistics of dimensionless eigenvalues of breach after fitting and complementing.

Number B/H Fr Number B/H Fr Number B/H Fr Number B/H Fr

1 16.45 0.07 20 15.00 0.82 39 4.55 0.73 60 4.82 0.57

2 15.13 0.10 21 4.55 0.73 40 55.00 1.00 61 6.20 0.22

3 12.67 0.20 22 3.08 0.58 41 4.65 0.31 62 22.22 4.16

4 6.63 0.33 23 9.23 0.43 42 32.80 0.57 63 11.35 0.17

5 7.29 0.55 24 6.09 0.47 43 13.62 0.15 64 5.00 0.49

6 20.00 0.61 25 4.33 0.52 44 13.33 0.41 65 4.40 0.52

7 3.98 0.71 26 1.45 0.27 45 6.67 0.08 66 3.38 0.26

8 14.10 0.13 27 6.84 0.32 46 5.30 0.73 67 2.45 0.76

9 11.15 0.29 28 3.35 0.64 47 7.34 0.24 69 1.36 0.62

10 10.00 0.42 29 8.36 0.50 48 6.40 0.65 70 4.33 0.52

11 9.44 0.41 30 3.98 0.71 49 4.93 0.57 72 5.69 0.11

12 7.75 0.55 31 13.33 0.52 50 9.44 0.41 74 4.13 0.53

13 10.00 0.42 32 2.35 0.15 51 3.35 0.64 76 7.67 0.06

14 6.65 0.17 33 3.98 0.71 52 12.12 0.23 77 2.17 0.87

15 4.55 0.73 34 13.62 0.15 53 4.39 0.31 78 4.29 0.52

16 8.04 0.52 35 15.16 0.10 54 3.86 0.71 80 3.75 0.56

17 4.55 0.73 36 5.99 0.67 55 12.06 0.57 81 1.84 0.23

18 4.55 0.73 37 33.33 2.09 56 1.25 0.57 82 9.26 0.43

19 8.04 0.52 38 3.35 0.64 57 4.50 0.51 83 5.75 0.37
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Figure 12. Discrete distribution of wide-to-depth ratio (B/H).

By analysing the statistics table and scatter in Figure 12, it can be seen that all widths
are greater than the depth of the breach. The minimum width-to-depth ratio is 1.25,
corresponding to No. 56 in Table 2, which is an earth dam breach with a width of 9.45 m
and a depth of 8.23 m. Generally, the width-to-depth ratio of the breach is relatively large,
and the maximum ratio is 55.0, corresponding to sample number 40 in Table 2. This is the
river embankment section at the junction of Haifeng and Huidong in Guangdong, China.
The depth of the river dike breach is only 1.2 m, but the width of the gate is 66 m, and the
Froude number is approximately 1.0 near the critical flow state.

From the F From analysis of scatter characteristics in Figure 12, it is seen that the width–
depth ratio is mainly distributed between 2 and 16. To study the characteristics of the
width-depth ratio carefully, the probability density distribution and percentile distribution
of the B/H scatter were statistically analysed and are shown in Figure 13.

Figure 13. Probability density of width-to-depth ratio (B/H) and its percentile distribution. The prob-
ability density distribution of the width–depth ratio basically conforms to the lognormal distribution.

It can be seen in Figure 13 that the probability density distribution of the width–depth
ratio basically conforms to the lognormal distribution, i.e., ln(B/H)~N(µ,σ2). The probabil-
ity density function f (B/H) of width-to-depth can be obtained by lognormal distribution
fitting and is shown as follows with µ = 1.742 and σ = 0.633.

f (B/H) =
1

1.587(B/H)
e−

[ln (B/H)−1.742]2
0.801 1.15 ≤ B/H ≤ 55 (16)

From Equation (16), the maximum probability density is 0.137 when the ratio (B/H)
is 3.89. As shown in Figure 13, the ratio (B/H) is mainly distributed in the range of 3 to 8,
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with a corresponding probability density greater than 0.068 and a corresponding percentile
between 15 and 70. That is, the cumulative frequency of the ratio (B/H) in this interval is
approximately 55%. This indicates that most of the breaches have wide and shallow cross
sections, in which the ratio (B/H) is mainly related to the stability of dike soil, the water
drops through the breach, the inflow angle-velocity and rescue measures taken during
breach occurrence. The regression model can be used to predict the depth or width of the
breach and provide basic scientific parameters for the hydraulic model test of the breach.

In Table 2 and Figure 14, it is shown that the Froude number is mainly distributed
between 0.1 and 0.8, the flow in the breach is mostly subcritical flow, and the water depth
is generally greater than the critical depth. The minimum Fr is only 0.07, which may be
the data from the end of the breach process. The probability density distribution f (Fr) of
the Froude number is statistically calculated from 76 groups of breach samples, and the
relationship between Fr~f (Fr) is shown in Figure 15.

Figure 14. Discrete distribution of Froude number (Fr). Froude number mainly ranges in 0.1 and 0.8.

Figure 15. Probability density and percentile distribution of Froude number (Fr). The probability
density distribution of the Fr approximates the general normal distribution, i.e., Fr~N(µ, σ2).

By means of fitting analysis, the probability density function (PDF or f (Fr)) is obtained
with µ = 0.476 and σ = 0.204:

f (Fr) = 1.956e−12.015(Fr−0.476)2
, 0.07 < Fr ≤ 1.20 (17)

From Equation (17), the maximum probability density is 1.956 when the Froude
number is 0.467. It is shown in the figures of probability density and percentile distribution
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(Figure 15) that during the middle and late stages of the breach process, the flow field
belongs to subcritical flow, and the Froude numbers are mainly concentrated in the range
of 0.4 to 0.8. The corresponding probability density is above 0.554, and the corresponding
percentile is between 35–95, indicating that the cumulative frequency distributed in this
interval is approximately 60% for Fr.

In order to analyse the breach hydraulic boundary eigenvalue and to define the typical
hydraulic boundary conditions of breach, mechanism research on basic physics process of
breach was conducted. Meanwhile, closure analysis was adopted to find out the correlation
among breach factors. Experimental research conclusions of breach hydraulic boundary of
various conditions involving 104 groups data were collected and used to build a convincing
and representative model, which benefits to expand the use of research findings. The
findings of the paper provide the relatively reliable basic parameters for the design of
fracture blocking technology and critical parameters support to improve the scientific
design of blocking technology. By means of cluster analysis and statistics research, the
paper also proposed a reliable method to define the typical characteristic value of levee
breach and provide the necessary technical support for research trials and technical closure
work of breaches.

In the current research, due to the fact that the breach model is designed based on a
specific actual breach or based on empirical generalization, the hydraulic and boundary
characteristics of the breach in the papers are shortage of representativeness and persuasive-
ness. It is necessary to use statistical analysis to obtain representative hydraulic boundary
eigenvalues of breaches based on abundant reliable breach data, which supplies the basic
necessary support for breach research. There is rare research on the statistical analysis of
parametric statistics of the breach, and the estimation of missing data, which follows some
rules especially for different random data. There would be an amount of missing data in
the measurements of breaches, and this would affect figuring out the characteristics of the
breach promptly and then the closure technology of the breach. Therefore, utilizing the
estimation method for the missing data in a reliable and accurate way is important. The
methods proposed in this paper can supply reference to the statistical research of breach
parameters.

5. Conclusions

In this paper, the prototype observation data and model test data of 104 groups of
earth-rock embankments or earth dams at rivers are collected. Statistical analysis methods,
such as cluster analysis, are used to analyse the characteristic values of the hydraulic
boundary of the breach, and the following conclusions are obtained.

Herein, five characteristic breach parameters are selected for the study, and the analysis
results are applicable to hydraulic rock and soil embankment dams or boundary features
later in predicting breach occurrence, hydraulic closure work simulation tests and research
technique breaches. Further exploration of the internal relationship of statistical data,
increasing the study of parameters such as dam height and soil quality, is conducive to
a more accurate understanding of the occurrence and development mechanism of dike
breaches.

Based on the fact that the actual hydraulic parameters of a breach are fleeting, the
data obtained in an emergency situation are difficult to complete, and there are many
missing situations. Statistical tools can be used when studying the characterization of the
hydraulic boundary of a breach. Through the cluster analysis of the measured data of the
breach, the correlation between the key variables is evaluated, and the regression analysis
model of the missing parameter estimation is established to interpolate the missing value
of the hydraulic boundary parameter. Typically, the fitting error complement value can be
controlled within 40%.

Based on the measured data of 85 groups of fractures, statistical analysis shows
that the width of an earth–rock dam is generally distributed in the range of 10~240 m,
the concentration is mostly between 20~100 m, and the frequency is 0.64. The mouth is
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generally between 1.5 and 30 m, although 4 to 12 m is more common, and the frequency of
occurrence is 0.68. The flow rate of the mouth is generally 2~8 m/s, and the distribution
frequency is 0.71; the flow rate of the dike breach is large with a minimum of 10 m3/s and a
maximum of 4198 m3/s; the drop is generally not more than 5.66 m. These analytical values
make up for the shortcomings of the characteristic parameters of the hydraulic boundary
of the breach and can provide basic data for scientific research, such as dam break model
tests and plugging technology design.

Based on a cluster analysis, this paper establishes a correlation regression model of the
characteristic parameters of the hydraulic boundary of a breach. Equation (13) can be used
to estimate the flow of the fracture according to the width of the fracture. It is suitable for
the width of the fracture 10 m < B < 300 m. Equation (14) can be used to predict the water
depth of the breach according to the flow rate of the fracture and is suitable for flow rates
of 15 to 15,000 m3/s. Correlation analysis between variables shows that these models meet
the goodness of fit test requirements.

To test the reliability of the imputed value interpolation of the hydraulic boundary
parameters, probability density analysis of the parameters of the dimensionless depth-
to-depth ratio B/H and Froude number Fr of the fracture is carried out. The ratio of
the width to the depth of the fracture is in accordance with the lognormal distribution:
ln(B/H)~N(µ, σ2), µ = 1.64, σ = 0.434. The maximum probability density is 0.137; the
value of B/H is mainly in the range of 3~8, and the cumulative frequency of the interval
is approximately 55%, which has characteristics proving that the mouth width is larger
than the mouth water depth. The Froude number in the fracture zone also conforms to the
normal distribution: Fr~N(µ, σ2) µ = 0.476, σ = 0.204, the maximum probability density is
1.956; Fr is mainly in the range of 0.4~0.8, and the corresponding cumulative frequency is
approximately 60%. The upstream and downstream water head difference decreases in the
middle and late stages of the collapse, the water flow energy in the fracture zone is smaller
than the potential energy, and the flow state is mostly slow flow. Based on the above two
dimensionless parameters, B/H and Fr are selected to further determine the hydraulic
boundary conditions of the generalized breach, and a simulation test of the dike collapse is
carried out to study the hydraulic characteristics of the breach and the plugging technique.
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