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Abstract: Long distance water diversion projects are developed to alleviate the conflicts between
supply and demand of water resources across different watersheds. However, the significant scale
water diversion projects bring new challenges for the water supply security. This paper presents
the flood risk of inverted siphon structure which is used for crossing transversally in the water
diversion project through sensitivity analysis. Sobol and regionalized sensitivity analysis are used to
investigate the sensitive parameters of the integrated model and the sensitive range of the parameters,
respectively. The integrated system model consists of the hydrologic model, the sediment transport
model and the siphon hydraulic model to determine the flood overtopping duration and volume,
which are used to quantify flood risk in this study. The flood overtopping duration and volume
indicators are used to quantify flood risk in the sensitivity analysis. The South to North Water
Diversion Project in China is used as a case study. The results show the mean rainfall and roughness
coefficient of the pipe are the most sensitive parameters in the integrated models, while the sensitive
range of these two parameters are distinct. The sensitivity analysis of the inverted siphon provides
an insight into the significant contributions to the flood risk. The analysis can provide the guidance
for the system operation security.

Keywords: long distance water diversion; inverted siphon; sensitivity analysis; integrated supply
system modeling

1. Introduction

Due to urbanization and the uneven distribution of water resources in time and space,
long-distance water transfer projects are constructed to alleviate the shortage of water resource and
meet the increasing demands [1-3]. Water transfer projects often involve huge capital investment
and pose complex security problems [4-6]. For example, canals usually cross hundreds of kilometers
of complicated terrain, which leads to water quality deterioration, temperature variation, and long
operation response period. Moreover, critical hydraulic structures are essential for ensuring the
operation security of the projects, e.g., gate/valve, pump station, and intersection structures.
Here, we focus on the inverted siphon structure, which is linked to the river to drain water by gravity
that is collected from a relatively small hydrographic basin, so that the river can cross transversally
a large artificial open channel carrying fresh water for supply.

Inverted siphon structures are prone to be impacted by the hydraulic transient process and
structure stability. The potential failures of inverted siphons can be divided into two categories:
(1) structure failure; and (2) operation failure. Structure failure indicates the structure identity is
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destroyed or collapsed due to structure aging and external forces. Operation failure refers to the
flows exceeding the design standard of inverted siphon. That is because the designed flood and flood
design standard that are used to guide the structure design are subject to the hydrologic parameter
uncertainties (e.g., rainfall, soil moisture, and land use) and the hydraulic uncertainties (e.g., sediment
deposition). The extra upstream flow of inverted siphon is retained at the entry and a large flood
can potentially enter the canal and contaminate the quality of source water in the canal. Therefore,
there is a need to investigate which uncertain parameters (e.g., rainfall, sediments, and pipe roughness
coefficient) can significantly contribute to the flooding incidents. This paper utilizes an inverted siphon
structure that passes underneath a long distance transfer project to illustrate the flood overtopping
risk. The sensitivity analysis with respect to inverted siphons is of vital importance to guarantee the
safe operation of the long-distance transfer project.

Sensitivity Analysis (SA) has gathered plenty of attention for describing the sensitivity of
parameters in terms of the contributions to the model output [7]. Global SA method, in contrast
to local SA, is capable of accounting for the whole range of input parameter variation to avoid
the subjective judgment and case-specific characteristics on the parameter range. The global
SA can deal with the non-linear and non-monotonic models [8-10]. Another type of SA is
regression-related, e.g., Multivariate Adaptive Regression Splines (MARS), Gaussian Process (GP)
and Radial Basis Function [11]. They use linear or non-linear models to refit the original model and
investigate which parameters can give the relative large reduction in goodness-of-fit. The large
reduction represents the sensitive parameters [12]. The regression sensitivity methods have the
advantage of less computational effort. Moreover, Sobol SA [13] is typically a variance based method.
It decomposes the response variances for the specific order SA indices. The Sobol SA method can
calculate the interactions among input parameters, but it should be noted that the higher order
Sobol analysis could significantly increase the computational burden with the increase in the input
number [14-16]. Regional Sensitivity Analysis (RSA) was developed by Spear and Hornberger [17] and
improved by Beven and Binley [18], which is also a global SA method. RSA elaborates the sensitivity
variation over the full range for a given parameter. The cumulative possibility of behavioral sets is
investigated in the RSA to reflect the parameter interaction implicitly. Both Sobol and RSA methods are
employed in this paper to ascertain the sensitive parameters in the inverted siphon flooding model [19].

This paper aims to address the sensitivities of any value over the domain of the parameters and
further identifies the sensitive parameters in the inverted siphon models. The sensitive parameter
screening and sensitive range identification of the parameters are implemented by Sobol SA and RSA
methods, respectively. The upstream runoff of the siphon is simulated by a local hydrologic model,
and the sediment transportation and pipe transmission model are used to calculate the inverted siphon
flows. The evaluation indexes (flood overtopping duration and volume) are set up to demonstrate
the flood risk of the inverted siphon. The sensitivity analysis results are demonstrated based on an
inverted siphon structure across the South to North Water Diversion project.

2. Methods

The sensitivity analysis methods including Sobol SA and RSA method are introduced to evaluate
the sensitivity of parameters in the integrated system modeling. The integrated system model is set
up by integrating hydrologic model, sediment transport model and inverted siphon hydraulic model.
Then, the two evaluation indicators, i.e., flood overtopping duration and volume, are used to quantify
flood risk.

2.1. Sensitivity Analysis Methods

2.1.1. General

Two global sensitivity analysis methods are employed in this paper for investigating parameter
sensitivity in consideration with the interaction of variables and the sensitivity variation over the range
of the variables. The model can be represented by a numerical function,
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Y =f(X)=f(xq,...,xn) 1)

where Y is the model output (or objective function) and X is the variable set, x1, ..., x;.

2.1.2. Sobol Sensitivity Analysis

The Sobol sensitivity analysis [13,20] is a variance-based method, which uses variance
decomposition to derive a variance ratio. It can provide a quantitative description of how individual
variables and their interactions affect model performance [21]. An individual model parameter and its
interaction with other parameters contribute to the total output variance, and the function is shown
as follows:

n n n
Vs=Y Vi+) Y Vij+ - +Vig.n ()
i=1 i=1j<i
where Vs is the total variance of the output variable Y; V; is given by the variance of the conditional
expectation V; = V[E(Y|x;)] and V;;(Vjj = V[E(Y|x;,y;)] — V; — V}) to Vj..., the interactions among
k parameters. To assess the role of each variable or interaction between variables, sensitivity measures
are needed. The chosen measures are known as Sobol indices. The indices represent the bias in the

variance of the output, which is attributed to a variable or a combination of variables. The first-order
index (S;) is

Si = V) 3)
and the second-order index (S;) is
Sy = @
V()

The total order sensitivity index of a single parameter and this parameter’s interaction with other
parameters, at least one index being j # i from 1 to k, is as follows:

Sti=3 Si+) Sij+-+S1x ®)
j#i
The first-order sensitivity index only represents the individual contribution of variable x; to the
model output. The second-order index indicates the interaction effect of two variables (xl-, xj, i # ])
on the model output. The total-order index (S7;) measures the main effect of parameter x; and its
interactions with all the other variables. The Sobol indices are obtained by a sampling process, e.g.,
Latin Hypercube.

2.1.3. Regionalized Sensitivity Analysis

Regionalized sensitivity analysis (RSA) is proposed by Spear and Hornberger [17] and further
extended by Beven and Binley [18]. RSA method is broadly applied in hydrology and environmental
system analysis [19,22,23]. The approach is based on the Monte Carlo simulation considering possible
combination of uncertain parameters with the given possibility density function. The parameters
sampling process can cover the whole distribution range, so RSA also belongs to the global sensitivity
analysis category. The sampled parameter sets are divided into behavioral or non-behavioral. If the
computational result of a parameter set (objective function evaluations) satisfies the prescribed
condition (e.g., less than a threshold), the parameter set is behavioral, vice versa.

RSA results are expressed by the cumulative distribution. The difference between the behavioral
and non-behavioral cumulative distributions is larger, and then the parameter is more sensitive.
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Kolmogorov-Smirnoff (K-S) test is used to show the maximum vertical distance (d,,,,) between the
behavioral and non-behavioral cumulative distributions. The K-S test function is given as

dmn = sup|Sp(x) — Snp ()| (6)

where Sp(x), Syg(x) are the behavioral and non-behavioral cumulative distributions, respectively.

2.2. Definition of Evaluation Indicators

If the water level at the inlet of the inverted siphon exceeds the embankment crest elevation of the
canal (denoted by Z;), then the flooding water will flow into the main trunk canal, i.e., flood overtopping
happens. The event occurrence represents the inverted siphon hydraulic failure. This failure will bring
the risks that are the embankment erosion and the water quality pollution for example. The longer
duration of flood overtopping leads to more severe hazards and exaggerating the impacted extent on
the canal. Therefore, we adopt the flood overtopping duration and flood overtopping volume as the
indicators to evaluate the risk of flood overtopping for the inverted siphon.

It is assumed that the water level at the water inlet of the inverted siphon can rise, even if it exceeds
the crest elevation of the canal Zs (i.e., there is a virtual water pond with unlimited crest elevation).
The time periods, when water level exceeds Z;, are defined as the duration of flood overtopping.
The flood overtopping volume can be calculated by the difference of maximum flood volume at the
inlet and the volume that corresponds to the embankment crest elevation. The volumes are calculated
by the water level-storage relationship at the inlet of the inverted siphon.

2.3. System Modeling

2.3.1. General

The input parameters that need to be tested in the sensitivity analysis are assigned by a set of
random values (p1, p2, P3, - - - , pn)- The hydrologic model simulates the inflow of the inverted siphon
in a given watershed. Sediment transport model is introduced to model the sand movement and
deposition. Siphon hydraulic model is used to calculate the flow of the siphon. These three models
are integrated and convey the parameter values, as shown in Figure 1. The outputs of the models are
runoff, flow, sand content and water level. Two evaluation indexes are formulated by these outputs.
The whole flow chart of the methodology is shown in Figure 1.

Input i | Parameter p; | | Parameter p, | | Parameter p; | musn

Sediment transport model

| |
| |
! |
| |
| Sand content Flow Sand content Flow |
Models : (Open channel) . (Inlet section ) (Pipe) (Outlet section ) :
| |
: Hydrologic model Flow Siphon hydraulics model |1
. . l
e . |

|
Output : Runoff | | Flow | | Sand content | | Water level :
|
Evaluati P g_ _________________ 3

valuation

: Flood overtopping duration Flood overtopping volume :
Indexes | !

Figure 1. Flow chart of the models.
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2.3.2. Hydrologic Model

Due to the lack of monitoring data in small watersheds, the Inferential Formula Method is often
used to determine the design floods [24]. This study uses the Inferential Formula Method specified in
China’s design flood regulations and proposed by Chen [25]. The flood is derived from design rainfall
in the assumption that rainfall frequency is the same with flood frequency. The flood calculation
includes the following steps:

(1) The maximum rainfall

The maximum rainfall during ¢ h (for small watersheds, t is set to be 24 h) can be calculated by
Xy, p = xT(l + CU ' (Dp) (7)

where x; p represents the amount of rainfall with the frequency P for ¢t h (mm); x; is the average of
maximum rainfall for t h (mm); ®, is a frequency factor; and C; is the coefficient of variation of
maximum rainfall for ¢ h.

(2) The peak discharge

Rational method [26] is one of the earliest methods to estimate the peak discharge according to the
rainfall data. When the runoff generation time (denoted by ¢.) is larger than the runoff concentration
time (denoted by 7), i.e., t. > T, the peak discharge is consisted of the runoff from the whole watershed.

Assuming the runoff intensity is evenly distributed both in spatial and temporal, and the concentration
is irrespective to the channels and slops, then the peak discharge is calculated by

h

Qup = 0.278 (TT) F (8)

in which, F denotes the area of the watershed (km?) and 7 is the runoff concentration time (h),
calculated based on the terrain characteristic for the given area,

= 0.278 Lt 9

S 0, 1 ©

h¢ is the amount of runoff generation during 7T hours (mm), given by the following equation

under the assumption of excess infiltration, that is, there is runoff generation only when the rainfall

intensity is larger than the infiltration rate.
c=xpt" T ot (10)

In Equations (9) and (10), v is the rainfall diminishing exponent; y is the average infiltration rate
during T h (mm/h); L is the longest length from the outlet of main river to watershed outline (km);
J is the average slope for the longest path of runoff; m is the runoff parameter; and Q,,p is the peak
discharge for the flood with the frequency P (m?/s).

When the runoff generation time is smaller than the runoff concentration time, i.e., t, < 7,
the peak discharge is consisted of the runoff from partial of the watershed, and the peak discharge is
approximately calculated by the following equation [25]

h
Qup = 0.278<TR)P (11)
where the runoff generation sz (mm) is calculated by

hg = x;pt7 AT — pt, (12)
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and the runoff generation time can be calculated by the following equation:

te = [(1 L ﬂ_l] ' (13)
7

(3) The flood hydrograph

The generalized triangle hydrograph method [25], including the following steps, is applied to
obtain the flood hydrograph.

Firstly, the total runoff during t hours is allocated to T periods in terms of the designed runoff
hydrograph and the runoff concentration time (7). The rainfall duration for each period (denoted by
tiandI=1,2,... T)is larger than the runoff concentration time, thatis t; > 7.

Secondly, assume the runoff generation time equals the rainfall time, and the concentration time
in each period equals that of the peak discharge for the whole hydrograph (calculated by Equation (9)).
Then, the peak discharge resulting from rainfall in ith period can be calculated by the following
equation with the generalized triangle hydrograph.

Qi = 0.556(ti;:t_lT>F (14)
where h;; is the runoff of rainfall in ith period (mm); Q; is the peak flow at t; (m>/s). It is worth
mentioning that, when t; = T (h), Equation (14) is the same with Equation (8).

Thirdly, the flood hydrograph resulting from rainfall in each period can be obtained with the peak
flow, and the time for the flood hydrograph is the sum of rainfall duration and runoff concentration
time, i.e., (f; + T). When t; = T, the hydrograph resulting from runoff ith periods is symmetric,
i.e.,, equilateral triangle hydrograph. Otherwise, when t; > 7, the resulting hydrograph is asymmetric.
Finally, the flood hydrograph for rainfall during t h can be convoluted.

2.3.3. Sediment Transport Model

The sensitivity analysis is conducted under the worst condition that the water with the given
velocity contains the maximum amount of sands. If the velocity in the pipe shows down, the deposition
can occur. It is therefore assumed that the flood can carry the maximum amount of sediments for
the given flow velocity. Since the fluid regime is complicated and diversified inside the structure,
the regression analysis to formulate an empirical formula is more practical. Here the capacity of
sediment transport is fitted based on the field data. The Guojunke formula [27], which uses the
logarithmic function to fit the field data and performs well for the Yellow River, is adopted here.
The Guojunke formula for the open channel is formulated as,

1 v\
20 gRw
1 1 V; 115
+ Eng

where S, is the sand content, i.e., the mass of sands in a unit volume (kg/m?); V, is the average velocity
of the section (m/s); g is the gravity acceleration (m/s?); R is the hydraulic radius; and w is the sand
deposition rate which is calculated by Zhu-Cheng formula [28] (m/s),

S, = (15)

wd ~ —24cosda+ \/576 cosb o + (18 cos® a + 3.6 sin® ) d3
= 16
v 9cos?a + 1.8sin (16)
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1
_ ((ps—p)g\?
&= < v2p ) ? 17
0 e <1
= { n/ (z+z.5(1ogd*)*3) > 1 (18)

where d is the diameter of sand, d = 0.033 mm for the silty-fine sand; v is the fluid viscosity (m2 /s);
ps is sand density (kg/m?), ps = 2650 kg/m3; and p is water density (kg/m3), p = 1000 kg/m?3.

When the floods go into the inverted siphon, the capacity of sediment transport changes.
The capacity that the pipe transports sand is determined by the non-deposition velocity. The critical
non-deposition velocity (V.) is given by Wasp equation [29],

1/2 1/6
— d
VCZ3'285”0'243{2gD(p5pp)] (o) (49
S«
Sy = — 20
=7 20)

where D is the diameter of the pipe (m) and S, is the ratio of water to sand in the unit volume.
When the velocity is larger than V¢, no sediment is deposited, otherwise sediment deposition happens.
The diameter parameter of the circular pipe in the original Wasp equation is transformed into the
equivalent hydraulic radius of the square pipe.

2.3.4. Siphon Hydraulics Model

The siphon is calculated in terms of the quasi steady flow (i.e., steady flow is calculated in
each time interval, and the all simulation snapshots comprise the simulation process over time).
The inverted siphon flow computation includes the downstream and upstream open channel flows
and pressurized pipe flow. The calculation of the conveyance capacity of the inverted siphon includes
flood regulation and hydraulic routing. The flood regulation is based on the water balance equation,

given as,

AW
Qa—Qp= A (21)

where Q  is the flow at the upstream channel of the inverted siphon (m?/s), which is known according
to the hydrologic model results; Qp is the flow at downstream channel of the inverted siphon (m?3/s);
and AW is the volume of retained water at upstream channel during the time of At (m?). The water
level at the upstream and downstream channels and flow in the siphon pipe are unknown, i.e., Qp and
AW are both unknown, but they meet the hydraulics conditions. Then, the iterative method is applied,
and a water level at downstream is given before each iteration and thus the iterative process is
implemented as follows,

Step 1. Given a water level Zgp at downstream channel, the flow rate at downstream channel can
be calculated with the Chezy equations

QB = AC. V RC] (22)
Co= LRI/ (23)
ne

where Qj is the flow at downstream channel (m3/s); C. is Chezy coefficient of the channel (m1/2/s);
A, is the section area of the flow (m?); 1. is the roughness coefficient at downstream channel which is set
to be 0.035 in this study (s/m!/3); and R is the wetted perimeter of the channel; ] is the hydraulic slope.

The iterative initial water level at downstream is assumed to be zero. With the flow rate Qg,
the retaining volume at the inlet AW can be calculated with Equation (12). Then, with the relationship
between water level and water volume at upstream channel (denoted by F(Z)) and the initial water
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level at the inlet (denoted by Z4 ;_1, equaling zero at the first time period, otherwise, equaling the
ending water level of the last period), the ending water level (Z4 ;) at upstream channel can be derived
by Zs:=F “1[AW + E(Z At—1)]- This water level minus the presumed water level at downstream can
obtain the water level difference AZ;.

Step 2. The difference between downstream and upstream channel water levels (AZ,) is given as,

B V2 — Vg?

AZ» —hf+h]+T (24)
where V4 and Vj are the velocity at upstream and downstream channel (m/s), and calculated by the
ratio of flow to flow area. iy and h; are pipe friction headloss and local headloss, respectively (m), and
given by

L,V,?
he= =P (25)
f szRp
V,?
h]' = (K1 +Ky+ Kg)g (26)

where L, is the length of the inverted siphon (m); C, is Chezy coefficient of the inverted siphon
(m1 2/ s); Rp is the wetted perimeter of the inverted siphon; K1, K3, and Kj are the local loss coefficients
at inlet, outlet and inside of the inverted siphon, respectively; V) is the velocity of inverted siphon
(m/s), calculated by the ratio of flow (Qp) to flow area (A,) of the inverted siphon; and A, can be
calculated by

Ap = (Hp —zp) X W, (27)

where Hy, and W), are the height and width of inverted siphon, respectively (m); z, is the deposition
height (m).

Step 3. In comparison of AZ; (obtained from water balance) and AZ, (obtained from energy
balance), if the difference between them is less than a threshold, then the calculation process terminates.
Otherwise, a new water level at downstream is given following: if AZ; > AZ,, the water level at
downstream should be increased by a step; if AZ; < AZ,, the water level should be decreased by a step.
The step is determined according to the search method. Then, the Steps from 1 to 3 are repeated until
the stop criteria.

3. Case Description

3.1. Overview of the Study Area

The Central Route of the South-to-North Water Diversion Project, shown in Figure 2, transfers
water from Danjiangkou Reservoir on the Han River (a tributary of Yangtze River) to Beijing and
Tianjin Cities. This project links up four major basins, including Yangtze River, Huai River, Yellow
River and Hai River, and crosses Hebei, Henan, and Hubei Provinces. The main trunk canal is a total
length of 1277 km, and crosses 205 rivers with cross-river buildings. The buildings are called river-canal
crossing structures.

This study is targeted to the inverted siphon—A typical river-canal crossing structure. The inverted
siphon, located on the intersection between main trunk canal of Central Route of the South-to-North
Water Diversion Project and Meihe tributary, is taken as an illustrated case study. The drainage area of
Meihe tributary is 10.80 km?, the longest length from the outlet of the main river to watershed outline
is 5 km, and the average slope for the longest path is 0.017. The inverted siphon consists of pipe section,
upstream channel and downstream channel sections, as shown in Figure 3. The upstream channel and
downstream channel sections are the trapezoidal open channels and the lengths are 55 m and 68 m,
respectively. The pipe section includes four 3 x 3 m? square barrels, which have equal heights at the
entrance. The horizontal projection length of each pipeline is 111.6 m, and the slopes of the rising and
descending legs are 1:5 and 1:4, respectively. Since there is no gate control of the pipelines, the four
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pipelines operate simultaneously. The peak discharges for a 50-year return period of flood design
criterion and 200-year flood check criterion are 209 m?/s and 294 m? /s, respectively.

{aihe River

Yellow River

‘ uaihe River

Legend

@ Provincial capital
—Natural niver

— The canal of MRP | |
A The origin of MRP

H“bei e Wuhan

Figure 2. The sketch map of the study area.

Vertical section
Upstream channel Inlet Pipe Outlet Downstream channel
55.00m e 111.60m e 68.00m

| | 126.54m
125.25m

ly

123.00m

120.00m
\V4 119.40m

115.31m

110.31m

Cross section

Inlet Pi
ipe Outlet

G | )

7

Figure 3. The schematic diagram of the inverted siphon.

3.2. Parameter Uncertainty Description

In the flood risk analysis of the inverted siphon, the parameter uncertainties in the integrated
model, including rainfall module (x4, Cy, and ), runoff generation module (1), runoff concentration
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module (1), and hydraulic module (1, z), are considered. The distribution and feasible range of the
parameters are listed in Table 1.

Table 1. Parameters studied for the sensitivity analysis.

Model Response Parameter Description Range Distribution Unit

X4 Mean annual maximum rainfall in 24 h 90-110 uniform mm

Rainfall C Varlatlf)n coefﬁ'aent (?f annual 05-0.6 uniform B
maximum rainfall in 24 h

04 Rainfall diminishing exponent 0.75-0.80 uniform -

Runoff u Mean infiltration rates 2-5 uniform mm/h
1no m Confluence coefficient 0.95-1.05 uniform -
Conduit fl e Roughness coefficient of the pipe 0.014-0.020 uniform -
onduit flow Zp Initial deposition height 0-3 truncated normal m

3.2.1. Mean Value (x54) and Variation Coefficient (C,) for the Maximum 24-h Rainfall

According to the “Atlas of the Design Storm and Flood for the Medium and Small-Sized Basins
in Henan Province” edited in 1984, the mean value and variation coefficient for the maximum 24-h
are 100 and 0.55, respectively. However, they are both closely related to the length of the rainfall data.
At the beginning of the design stage for South to North Water Diversion Project, the statistical rainfall
parameters for 24 rain gauge stations, which are distributed on different rivers but along the main
trunk canal, are validated with the rainfall data prolonged to 2000. The results show that the mean
value x4 ranges within —10%-10% of the designed value and C, ranges within —0.05-0.05. Regardless
of the impact of human activities, it is assumed that the statistical parameters change within the above
ranges. That is, the ranges of x4 and C, are 90-110 and 0.5-0.6, respectively, and ¥4 and C, are
assumed to be uniformly distributed.

3.2.2. The Rainfall Diminishing Exponent (), Runoff Concentration Parameter (1) and the Mean
Filtration Rate (u)

Statistic parameters of 7, m, and u are obtained from the corresponding contour map in
“Atlas of the Design Storm and Flood for the Medium and Small-Sized Basins in Henan Province”.
The uncertainties in these parameters are caused by observation. The ranges for 7, m and u are
0.75-0.80, 2-5, and 0.95-1.05, respectively, by the upper and lower contour curve evaluation. y, m and
u are assumed to follow the uniform distribution.

3.2.3. The Roughness Coefficient (1)

The roughness coefficient of the pipe for the inverted siphon (1) changes with sediment
deposition. The more sediments, the greater roughness coefficient. The roughness coefficient can reach
as large as 0.020 according to the empirical data [24]. However, the inverted siphon was designed
according to a fixed value, i.e.,, 0.014. Therefore, we consider the uncertainty of n, within range
0.014-0.020 obeying a uniform distribution.

3.2.4. The Initial Deposition Height of Sediment (z,)

The initial deposition height of sediment in the model is set at the beginning of the flood process.
It can be as large as the pipe width, 3 m in this study. z, is typically small with the larger probability,
while small probability corresponds to a large z,. Thus, the truncated normal distribution, which is
widely used when there is little information about the distribution, is assumed for z, within range 0-3.
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4. Results and Discussion

4.1. RSA Results

The parameters in the integrated model, listed in Table 1, are assumed to be independent, and
Latin Hypercube sampling method [30] is used. It is noted that the parameters of the hydraulic model
(roughness coefficient and initial deposition height) for each conduit (the culvert consists of four
squared conduits) are set to be identical. The sample size is 100,000, and one sample includes all
parameters values that are randomly assigned. The distributions of runoff concentration time and
peak discharge are shown in Figure 4. As can be seen, the peak discharge considering the uncertainties
of parameters are all larger than the original designed value, 294 m3/s.

035 035
0.30 0.30
> 0.25 > 0.25
2 2
o 0.20 o 0.20
2. =]
5015 3 0.15
— —
B~ 0.10 ~ 0.10
0.05 0.05
0.00 0.00
1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40(h) 280 320 360 400 440 480 520 560 6(003/)
. N . m°/S
Runoff concentration time (7) Peak discharge(Q,,p)
(a) (b)

Figure 4. The distribution of runoff concentration time and peak discharge. (a) The distribution of
runoff concentration time; (b) The distribution of peak discharge.

The parameters sets are divided into two subsets in terms of the inverted siphon failure
(i.e., non-behavioral) or operation (behavioral), with cumulative distributions shown in Figure 3.
The behavioral sample (Sp) is that no water flows into the canal, i.e., the water level at the water intake
is smaller than the embankment crest elevation. In contrast, the non-behavioral sample (Syp) is that
water flows into the canal, i.e., the water level at the water intake is higher than the crest elevation.
In Figure 3, the diagonal line (D-line) represents the parameter has a uniform distribution and the
model is not sensitive to this parameter in terms of the chosen likelihood measure. Any deviation from
the “D-line” shows a non-uniform distribution and the model is sensitive to this parameter. The larger
distance between the Sp and Sy indicates more sensitive range of this parameter.

As shown in Figure 5, all parameters exhibit an obvious shift. In addition, the Syp curve for all
the parameters except z, is close to “D-line”, indicating that the effects of parameters within the whole
range on the failure of the inverted siphon are almost identical. The cumulative distributions for the
mean rainfall (xp4), variation coefficient (Cy), rainfall diminishing exponent (7y), runoff concentration
parameter (1) and the roughness coefficient (11.), show that the values at the lower end of the tested
ranges contribute to the greatest number of behaviors, i.e., lower value of these parameters lead to
lower flood risk of the inverted siphon. Conversely, the greatest number of behaviors occurs at the
higher end of the range for mean filtration rate (1). For initial deposition height (z,), the greatest
number of behaviors and non-behaviors comes from values at the lower end of the range. Meanwhile,
the initial deposition height (z,) has the least impact on flood risk of the inverted siphon, with the
smallest shift from the straight line in comparison with the others.

Each parameter sensitivity is tested by the two-sample Kolmogorov-Smirnov (K-S) test method
with the confidential level of 95%. Results show that the mean rainfall (xy4) is most sensitive,
followed by the roughness coefficient (n.). Furthermore, the other parameters related with the
rainfall, i.e., variation coefficient (C,), rainfall diminishing exponent (), are more sensitive, and
thus, the rainfall is the most important factor for the flood risk of the inverted siphon. The roughness
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coefficient (1) is related with the conveyance capacity of the pipe, thus the conveyance capacity of the
pipe also is the most important factor for the flood risk of the inverted siphon.
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Figure 5. Cumulative distribution of the seven parameters with regard to failure of the inverted

siphon. Sp and Sy represent the behavioral and non-behavioral groups, respectively. (a) Cumulative

distribution of mean rainfall; (b) Cumulative distribution of variation coefficient ; (¢) Cumulative

distribution of rainfall diminishing exponent; (d) Cumulative distribution of runoff concentration

parameter; () Cumulative distribution of mean filtration rate; (f) Cumulative distribution of roughness

coefficient; (g) Cumulative distribution of initial deposition height.

4.2. Sobol Sensitivity Analysis Results

The first-order and total-order sensitivity indices of seven parameters are shown in Figure 4.
The black bars represent the first-order index values, which measure the individual parameter
contributions to the duration and volume of flood overtopping. The white bars represent the interactive
indices, which demonstrate the total interactive contribution of one parameter with all other parameters.

The parameter is identified as sensitive when total-order sensitivity index is larger than 0.1.

As can be seen in Figure 6, the total-order index for roughness coefficient (1.), mean rainfall (x24),
variation coefficient (C,) and rainfall diminishing exponent (), are all larger than 0.1, i.e., sensitive
parameters for flood overtopping duration and volume. Parameters m and u, which are related
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with runoff generation and concentration, are not sensitive. The reason is that flood hydrograph,
flood volume, and the conveyance capacity of the pipe are the most important factors for the flood
overtopping. A larger flood volume or smaller conveyance capacity leads to more water retained
at the inlet, and thus leads to a larger risk of flood overtopping. The magnitude of rainfall is the
most important factor of flood volume and flood hydrograph. Thus, the parameters related with
the magnitude of rainfall and conveyance capacity are sensitive. The initial deposition height (z,) is
sensitive for the flood overtopping duration, but it is not sensitive for the flood overtopping volume.

(a) . . .
040 Flood overtopping duration 0.40 (t_’) Flood overtopping volume
Olnteracions O Interacions
0.30 W First-Order B First-Order
o O L. 030 F
< <
k=] R=]
2 2
2 2020
= =
Q Q
n 7]
0.10

0.00

Figure 6. The first-order sensitivity and total-order sensitivity of parameters. (a) The first-order
sensitivity and total-order sensitivity of parameters for flood overtopping duration; (b) The first-order
sensitivity and total-order sensitivity of parameters for flood overtopping volume.

The results of the overtopping duration show that X4 obtains the largest value of total-order
index, followed by n.. These two parameters determine the magnitude of rainfall and the water
conveyance capacity of the pipe, respectively. Therefore, the result indicates that rainfall and the water
conveyance capacity of the pipe both have a great impact on the overtopping duration in the inverted
siphon. The results of the flood overtopping volume show the total-order index for X4, Cy, 7y as well
as 1. are sensitive parameters. x4, C, and 7y determine the runoff volume, which is the input of the
inverted siphon, while 1, determines the flood volume transported.

Figure 6 show the interaction between z, and other parameters is strong, and the interaction for
the flood overtopping volume is weaker than the flood overtopping duration. The interaction between
any two parameters is shown in Figure 7. As can be seen in Figure 7a, the sum of the second-order
index between z, and other parameters is the largest, and the interaction between z, and m is strongest
for the flood overtopping duration. As for flood overtopping volume, the sum of second-order index
between 1. and other parameters is largest. However, Figure 6b shows that the total interactions of z, is
larger than that of #n., which indicates that higher order interactions (third-order, four-order, etc.) exist
between z, and other parameters. The second-order index value for 7. and 1 is strongest, followed by
the value for n. and ¥4, indicating that the interaction between #. and <y, 1. and X4 are strong. This is
because X4 is the most important factor that determines the flood volume, and a larger X4 result in
a larger flood. A larger - results in a larger runoff generation under the same magnitude of rainfall,
and a larger X4 results in a larger and thus a larger peak discharge and flood volume, while a larger 7,
results in a smaller conveyance capacity.

In conclusion, results of RSA and Sobol sensitivity analysis both indicate that the mean rainfall
and roughness coefficient of the pipe are two important parameters, which determine the rainfall and
water conveyance capacity of the siphon pipe, respectively. These results demonstrate that lower value
of the mean rainfall or roughness coefficient of the pipe lead to lower flood risk of the inverted siphon.
Thus, the effective measures for reducing the flood risk of the inverted siphon to clean the inverted
siphon periodically, i.e., reduce the roughness coefficient of pipe.
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Figure 7. The interaction between each two parameters. (a) The interaction between each two
parameters for flood overtopping duration; (b) The interaction between each two parameters for
flood overtopping volume.

5. Conclusions

This paper investigated, by using an integrated system coupling the hydrology and hydraulic
models, the impact of rainfall, sediments and pipe roughness coefficient on the failure of inverted
siphon through RSA and Sobol sensitivity analysis. The flood risk of the inverted siphon is evaluated
by the flood overtopping duration and volume. The conclusions are summarized as follows:

(1) RSA and Sobol sensitivity analyses both indicate the mean rainfall and the roughness coefficient
of the pipe are most sensitive for the flood risk of the inverted siphon. These results imply that lower
value of the mean rainfall or roughness coefficient of the pipe lead to lower flood risk of the inverted
siphon. Thus, periodically cleaning the inverted siphon is an effective measure for reducing the flood
risk of the inverted siphon, i.e., reduce the roughness coefficient of pipe.

(2) The RSA identifies the sensitivity range of safety and failure for the inverted siphon. Effects
of all parameters except initial deposition height throughout the feasible range on the failure of the
inverted siphon are almost identical. For the safety of the inverted siphon, the smaller values of
variation coefficient, rainfall diminishing exponent, runoff concentration parameter, and roughness
coefficient of pipe, the more safety of the inverted siphon. For the mean filtration, a higher value leads
to the more security of the inverted siphon.

(3) Sobol sensitivity analysis reveals the individual and interactive effects of the parameters.
The effects of all parameters on flow overtopping duration and volume all parameters are all dominated
by the individual effects. For the flood overtopping duration, the interactions between the initial
deposition height and other parameters are high, with the largest interaction between initial deposition
height and confluence coefficient. For flood overtopping volume, the interaction between rainfall
model parameters and hydraulic model parameters are both significant.
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