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Abstract

Ice dams are among the important risks affecting the operational safety and water conveyance efficiency of water diversion
projects in northern China. However, no evaluation indicator system for ice dam risk assessment of water diversion projects
has been proposed. Therefore, in this paper, based on the formation mechanism of ice dams, the risk assessment indicator
system and the possibility calculation model of ice dams were both proposed for water diversion projects based on the fuzzy
fault tree analysis method. The ice dam risk fault tree constructed in this study mainly includes three aspects: ice production,
ice transport, and ice submergence conditions. Eighteen basic risk indicators were identified, and 72 minimum cut sets were
obtained by using the mountain climb method. Eight risk indicators were determined as the key risk indicators for ice dams,
including meteorological conditions, narrowed cross section, sluice incident, erroneous scheduling judgment, ice cover
influence, flat bed slope, control structures, and ice flow resistance of piers. Then, the canal from the Fenzhuanghe sluice to
the Beijumahe sluice of the Middle Route of the South-to-North Water Diversion Project was taken as the research object.
Combined with the expert scoring method, the ice dam risk probability of the canal was determined to be 0.2029 x 1072,
which was defined as a level III risk, which is an occasionally occurring risk. The study results can support ice dam risk

prevention and canal system operation in winter for water diversion projects.

Keywords Middle Route of the South-to-North Water Diversion Project - Ice dam - Risk assessment - Fuzzy fault tree

Introduction

Ice dams are a phenomenon in which a large number of large
ice blocks quickly accumulate in a specific river or canal
cross section, resulting in a rapid decrease in the cross-sec-
tional area and a rapid rise in the upstream water level. Over-
sized ice dams can induce flooding in river canals. The total
length of the main canal of the Middle Route of the South-
to-North Water Diversion Project (MRSNWDP) is 1432 km.
The Danjiangkou Reservoir is used as the water source.
MRSNWDP is a super-large-scale inter-basin water trans-
fer project with large flows, long distances and no regulation
reservoirs online that provides living, industrial, agricul-
tural, and ecological water use to four provinces, including
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Beijing, Tianjin, Hebei, and Henan. Since the whole project
was brought into operation in 2014, the canal system has
been operated under complex ice evolution and conditions
in winter as the spatiotemporal distribution of ice cover and
ice thickness increase the threat of ice disasters (Wen et al.
2015). In fact, different degrees of ice conditions appear in
the canal downstream of the Anyanghe sluice every winter
(Li et al. 2017a). Therefore, the operational strategy with
decreased flow in the canal system in winter is different from
the strategy for other seasons to improve operational safety.
However, ice jam dam events have also occurred, which pose
a certain threat to the safety of the project (Duan et al. 2016).
Therefore, there is a key question regarding how to protect
the canal system from ice dam threats.

In the formation mechanism of ice dams, researchers
believe that changes in the water level will produce longi-
tudinal cracks near the shore that cause the breakup of the
ice cover along the quay wall (Fig. 1), and transverse cracks
appear with the disappearance of the restraint effect of the
quay wall on the ice cover (Mao et al. 2007). Then, the ice
cover breaks into larger ice blocks, which accumulate in the
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Fig. 1 Longitudinal crack

cross section with the movement of water, and results in a
reduction of the amount of water transported downstream
and an increase in the upstream water level. Dubé et al.
(2014) understood the development processes of ice dams
by investigating crystal types and sizes, growth mechanisms,
patterns, orientation, and porosity. Ahsan Badhan (2020)
experiments were conducted to investigate the formation of
ice dams and its evolution in terms of areal extent, average
thickness, length, and maximum width under different flow
conditions. Li and Lou (2005) studied the types, character-
istics, and mechanisms of ice dams. The ice volume, water
volume, and boundary conditions of rivers were the main
reasons for the formation of ice dams, and it may induce
significant backwater effects by increasing wet areas and
reducing flow velocity (Stickler et al. 2010). Then, ice dams
may fail due to different mechanisms, resulting in flooding
(Carling et al. 2010). Zhang et al. (2010) studied the evolu-
tion and formation of ice covers, ice jams, and ice dams. The
main factors are thermal factors, hydraulic factors, and chan-
nel boundary conditions. Munck et al. (2017) constructed
models that can quantify various geographical factors to
predict where ice dams will occur. Buzin (2010) studied
the formation factors of ice dams on rivers and proposed a
method for forecasting the duration of ice dam high water
levels’ stand. A dynamic model of rive ice was established
to simulate the dynamic process of ice dam formation and
release (Liu et al. 2011). On the basis of analyzing the ther-
modynamic properties and fracture process of the ice cover,
Guo et al. (2011) used numerical simulation and a hydraulic
model to determine the river thawing discriminant model
and studied how the timing of river thawing was affected by
flow rate changes.

Wang et al. (2018) established an experimental model to
study the change in hydraulic factors in the process of ice
dam breakup, which showed that the water flow velocity
increased with increasing ice dam height. Shi and Zhang
(2014) established an ice dam solid model to study the con-
ditions of ice dam breakup. The formed ice dam was broken
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within 2 h to reduce loss, and multiple solid model experi-
ments of ice dam blasting were performed to determine the
optimal explosive charge and position (Yang et al. 2020).
On the basis of analyzing the structure of ice dams, a new
technique of blasting action under the ice with high safety
was proposed (Zhao et al. 2020). Bu et al. (2014) conducted
experiments on the automatic breakup of ice dams and
obtained index data for blasting and the best location. The
formation of ice dams can be controlled by low-frequency
modulation of the flow velocity (Lannutti et al. 2020). Liu
et al. (2015) studied the ice conditions that may occur dur-
ing ice flow water transport in the canal system and pro-
posed measures to prevent and control ice hazards based
on an analysis of the ice condition production mechanism.
A prediction model of ice dam based on river characteris-
tics and neural network theory has been established (Wang
et al. 2017; Lindenschmidt et al. 2019; Song et al. 2020).
Then, according to the prediction results of river thawing
period, risk prevention and control measures were proposed.
In general, the evolution, mechanism, cause of formation,
prediction, breakup, blasting, prevention and control of ice
dams have been studied.

Because the ice dam risk assessment method for a water
diversion canal system has not yet been studied completely,
an ice dam risk assessment method was proposed by the
fuzzy fault tree method. This method included an ice dam
risk assessment indicator system, key risk indicator deci-
sions, and the risk level. The method can provide support
for the safe operation of water diversion projects in winter.

Research object and basic method
Research object

In this paper, the channel between the Fenzhuanghe sluice
and the Beijumahe sluice of the MRSNWDP is taken as the
research object, as shown in Fig. 2. It is located in Baod-
ing City, with a total length of 25.314 km and contains two
inverted siphons (Nanjumahe inverted siphon, Beijumahe
inverted siphon), one aqueduct (Shuibeigou aqueduct), one
tunnel (Xiacheting Tunnel), five narrowed cross sections,
six bed slope changes, and five channel bends (Liu et al.
2020; Jin et al. 2020). The canal is the last open channel
before the MRSNWDP enters Beijing, and it has a long-
term average temperature of — 1.5 °C in winter; ice condi-
tions occur annually. During the winter of 2015-2016, a
serious ice jam occurred, and a single pool ice jam with a
length of 3.2-7.1 km, due to the ice jam block, reduced the
water transport capacity, causing the upstream water level
to noticeably rise (Huang et al. 2019).
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Fig.2 Location generalization of study area

Basic method

Fault tree analysis (FTA) is a method that subdivides the
causes of system failure factors from top to bottom in a tree
diagram according to the event hierarchy (Li et al. 2019).
The unwanted consequence is regarded as the top event of
the fault tree, and the various factors causing the top event
are determined as the middle event and bottom event accord-
ing to the logical relationship between them. Then, all the
bottom event factors are qualitatively and quantitatively
analyzed, and the key factors causing the system failure
are inferred based on the analysis results. Due to the actual
situation, the occurrence probability of many events has a
certain fuzziness, which is difficult to express by precise
probability values; therefore, the fuzzy fault tree analysis
(FFTA) method can be used to solve this problem (Shoar
et al. 2019). A certain probability interval can be used
instead of the precise probability value, the probability of
the bottom event is represented by a fuzzy number, and the
probability of the occurrence of the top event is calculated

by fuzzy mathematical arithmetic (Zhao and Gong 2001).
The advantage of this method is that the language used to
evaluate events allows errors within a certain range so that a
relatively accurate probability of occurrence of the fault tree
top events can be obtained (Altabbakh et al. 2013).

The ice dam risk assessment model calculation process
is shown in Fig. 3.

Ice dam risk assessment indicator system
Identification of ice dam risk indicators

An ice dam is a phenomenon caused by block frazil ice
formed by the broken ice cover blocking the water cross
section rapidly and largely under the appropriate water flow
condition. Therefore, the three main elements of ice dam
formation include: (1) ice block production, which is the
previous condition for the formation of ice dams; (2) a high
flow velocity, which can lead a large block of frazil ice to
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Fig.3 Ice dam risk assessment
model calculation process
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Fig.4 Ice covers breaking

submerge below the water surface, and ice cover, which pro-
vides conditions for blocking the water cross section; and (3)
an insufficient ice transport capacity, leading to the forma-
tion of an ice dam by the accumulation of a large amount
of ice blocks when the ice transport capacity of the cross
section is less than that of ice blocks coming from upstream.

1. Ice block production

Ice dams mainly occur in the melting period and water
transport period under the ice cover; therefore, ice blocks
are mainly caused by ice cover breaking and shore ice shed-
ding, and large fluctuations in the water level mainly affect
the size and characteristics of ice cover and lead to ice cover
breakup, as shown in Fig. 4. The appropriate hydraulic con-
ditions change the geometric size and characteristics of
shore ice and lead to shore ice shedding, and the size and
characteristics of ice cover and shore ice are affected by
meteorological conditions and rising water temperature.

2. High flow velocity
Ice block submergence is controlled by the flow veloc-

ity, and the critical velocity of submergence is related
to the geometric characteristics of ice blocks. From the
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perspective of a large flow velocity, the reasons for the
increase in the flow velocity were mainly considered as
follows: large fluctuation in water level, channel struc-
ture characteristics, low operating water level, large water
transfer of flow, and ice cover influence.

(a) The main reasons for a large fluctuation in the water
level are as follows: ice cover changes, channel opera-
tion scheduling, canal leakage, and accidents. When ice
cover formation occurs, large fluctuations in the water
level can occur, so the water velocity may increase
greatly. There are two main factors affecting the oper-
ation scheduling factors. One is a scheduling system
fault, which is manifested as a data acquisition error
and sluice fault. A data acquisition error may lead to
incorrect operation, causing the channel water level
and flow to change significantly. Large fluctuations
in the water level can be caused by sluice faults and
the normal regulation of the sluice. The other factor
is human errors, which show as an incorrect operation
and erroneous scheduling judgment. A human error in
operation can increase the channel flow, and an errone-
ous scheduling judgment can make ice blocks accumu-
late. Canal leakage causes the water level to decrease,
the flow to increase and the water level fluctuation to
increase.

(b) Channel characteristics indicators include narrowed
cross section and steep bed slope changes. The water
velocity may increase at a narrowed cross section under
the same water flow, and the flow velocity in a channel
section with a steep bed slope may be larger, which
may cause ice blocks to submerge easily.

(c) Low operating water level. The cause of the a lower
operating water level is a low water level control target
before the sluice, canal leakage, and operation schedul-
ing process.



Applied Water Science (2021) 11:23

Page50f13 23

(d) Large water transfer of flow. The main causes of a large
water transfer of flow are as follows: operation schedul-
ing factors, high precipitation, water transfer plan with
a higher flow, and canal leakage.

(e) Ice cover influence. Downstream ice cover can result in
an increase in the hydraulic gradient.

3. Insufficient ice transport capacity
Frazil ice in channel sections with an insufficient ice trans-

port capacity is easily submerged and accumulates to form
ice dams, while the ice transport capacity is affected by

Fig.5 Pier intercepts ice offshore

the channel structure characteristics, ice cover influence
and canal system operational mode. Both the ice cover and
narrowed cross section reduce the ice transport capacity
by reducing the area of passage. The channel structure
has a section expansion and flat bed slope, which reduce
the water flow velocity, resulting in a decrease in the ice
transport capacity, and the blocking of water control struc-
tures and piers also reduces the ice transport capacity of
the channel, as shown in Fig. 5. When this project is oper-
ated under the control mode of a constant water level at
the front of downstream sluices, the upstream velocity is
higher than the downstream velocity in the channel, so
the ice transport capacity downstream is lower than that
upstream, but the downstream ice concentration is usually
higher than that upstream. Finally, in a cross section with
a high frazil ice concentration, the ice transport capacity
is insufficient, providing favorable conditions for ice dam
formation.

Ice dam risk fault tree

With ‘ice dam’ as the top event, the causes of ice block
production, high flow velocity and insufficient ice trans-
port capacity are determined by a layer-by-layer analysis,
and the fault tree of the ice dam is constructed, as shown
in Fig. 6. In the figure, T is the top event, B,—B,; is the
middle event, and X;,—X ¢ is the bottom event. The mean-
ings of each bottom event symbol in the figure are shown
in Table 1.

® O 0o o

) o /o)

Fig.6 Fault tree system of ice dams
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Table 1 Symbolic meaning of

. Symbol Meaning Symbol Meaning
each bottom event of the ice
dam fault tree T Ice dam X, Meteorological conditions
B, Ice blocks production X, Water temperature rise
B, High-velocity flow X5 Ice cover changes
Bj Insufficient ice transport capacity Xy Narrowed cross section
B, Shore ice shedding X; Steep bed slope
Bs Ice covers breaking X Low water level target before sluice
Bg Channel structure characteristics X; Data acquisition error
B, Low operating water level Xg Sluice incident
Bg Large water transfer of flow rate Xy Incorrect operation
B, Characteristics of shore ice X0 Erroneous scheduling judgment
By, Size of shore ice X High precipitation
B, Large fluctuation of water level X, Water transfer plan with a higher flow rate
By, Size of ice cover X3 Ice cover influence
B3 Characteristics of ice cover X4 Canal leakage
By, Operation scheduling factors X5 Flat bed slope
Bys Accidents X6 Control structures
By Scheduling system fault Xy Ice flow resistance of piers
By, Human errors X5 Canal system operational mode

Determine the minimum cut set

According to the ice dam fault tree, the minimum cut set is
determined by the mountain climb method (Zhou and Wang
2003), and the fault tree is expanded by layers until only the
bottom event is included by Boolean algebra arithmetic. The
calculation formula is as follows:

T = B\B,By = (X, + X, + Xy + X, + Xg + Xo + X1 + X,)
(X3 + X5 + Xg + Xo + Xg + Xps + Xy + X5 + Xg + X
+ Xpp + X13)(Xy3 + Xy + X5 + X + Xj7 + Xig)
= X3Xp3 + X7 X5 + X X3 + Xo X3 + XX 5 + X4 X5
X, X5 + XX 5 + XX, + XX, + XeX, + XX,
+ XX, + XX, + X, X, + XX, + X5X,s + XX, 5
+ X X5+ Xo X5 + X10X )5 + X4 X5 + X X5 X 5
+ X X6 X5 + X1 X1 X5 + X, X 10X )5 + Xp X
Xis + XpXeX 15 + XX 1 X5 + X X5 X5 + X3 X
+ X7X16 + XgX16 + XoX 16 + X 0X 16 + X4 X6 + X X5 X g
+ X Xe X1 + X1 X1 X6 + X X2 X6 + Xp X5 X6 + X5 X X6
+ X, X1 X16 + X, X 10X 16 + X3X 17 + X5 X7 + XXy
+ XoX 17 + X10X17 + X 14X 17 + X X5 X7 + X XX
+ X X1 X1y + X XpXy7 + X0X5X,7 + XX X7 + XX, Xy
+ X5 X 15X 17 + X3 X5 + X5 X g + Xg X5 + Xo X g + X0 X g
+ X4 X g + X X5 X5 + X X X5 + X1 X1 X5 + X, X(pX g
+ X5 X5 X5 + X5 XX 15 + X5 X1 X5 + X5 XX g
¢9)
Formula (1) shows that the ice dam failure tree contains
72 minimum cut sets, including 40s-order minimum cut
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sets and 32 third-order minimum cut sets. The second-order
minimum cut sets show that only two events occurring at the
same time can cause ice dams. The third-order minimum cut
sets show that only three events occurring at the same time
can cause ice dams. The minimum cut set K; according to
formula (1) in the order arrangement.

Determine the structural importance of bottom
events

The structural importance coefficient indicates the impor-
tance degree of a bottom event in the whole structure of the
fault tree, which is expressed by I;:

Ii = 2 (2ni—l)_1 (2)

XieKj

where I, is the structural importance of the ith bottom event,
X; € K; indicates that the bottom event X; belongs to the
minimum cut set Kj, KJ is the jth minimum cut set, and n; is
the number of bottom events in the minimum cut set where
bottom event X; is located.

According to the minimum cut set and formula (2), the
structural importance of each bottom event is calculated.
Taking X, as an example, the calculation is I, = (2>!)~! x 2
+ (217 'x 16 =5. The structural importance of other base
events is similarly calculated:
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L=hL=L=1ly=1y=1,=3,,=1)5=1
=Il7=118=5’14=113=4’15=16=111 =1,=2

The order of structural importance is:

Li=h=Ls=le=l;=01>1,=15>1
=L=Lk=L=Ly=Iy4y>L=I=1,=1I,

From the order of structural importance, it can be con-
cluded that the structural importance of 1, I,, 15, 1,4, ;7 and
14 1s relatively high, indicating that top events are susceptible
to these events; therefore, it is necessary to increase the pre-
vention and control of these events.

Fuzzy assessment of ice dam risk

In this section, the risk indicator ‘low water level target before
sluice’ is taken as an example to describe the determination
process of the membership function, ambiguity function, fuzzy
possibility score and fuzzy failure rate. Similarly, the member-
ship function, ambiguity function, fuzzy possibility score and
fuzzy failure rate of the remaining 17 risk indicators can be
obtained.

Determine the fuzzy set of judging language
for the possibility of bottom events

The processes of bottom events are fuzzy and uncertain.
Experts use {very low (VL), low (L), medium (M), high (H),
very high (VH)} fuzzy language to indicate the possibility of
the same event occurring (Xiao 2004). Then, they use fuzzy
sets theory analysis expert language, and proper fuzzy num-
bers are used instead of expert language (Hu 2004). Taking
the ‘low water level target before sluice’ as an example, it is
given the natural language of very low, low, medium, high and
very high, which can be expressed by triangular or trapezoidal
fuzzy numbers, as shown in Fig. 7 (Zhang et al. 2014).

Obtain the fuzzy probability of the bottom event

Based on the project characteristics, 20 experts were selected
to form a judging panel to score the probability of each bot-
tom event and judge the probability of a ‘low water level tar-
get before sluice’ event. The results are as follows: one expert
judgment as ‘very low,” ten expert judgments as ‘low,” six
expert judgments as ‘medium,” and three expert judgments
as ‘high.” According to Fig. 7, the corresponding membership
function can be expressed as:

1 0<x<0.1

0.3—x
@ =9 557 01 <x<03 3)
0 other

x—0.1
o3 01 <x<03
) =41 03<x<04 4)

0.5—x

-

x—0.4

@) =1 222 0.5 <x <06 )

0 other

L

x—0.5
5603 0.5<x<0.6
fu@) =41 0.6 <x<0.8 6)

0.9—x
=5 0.8<x<09

Judge the transformation of the natural language
into a fuzzy function

Using the A-cut set of the fuzzy set to comprehensively treat
the expert natural language to reduce fuzziness (Shi and
Wang 1993), this paper takes the equal weight analysis of
the experts’ opinions, and the A-cut set of (3)—(6) can be
determined:

VL, =1[vl;, vl,], v1;=0, vl,=0.3-0.24; L,=[I,, I,],
1,=0.140.24, ,=0.5-0.14; M;=[m,, m,], m; =0.440.14,
my=0.6-0.11; H,=1[hy, hy], h; =0.5+0.14, h,=0.9-0.11,
where vl,, vl,, [}, I, my, m,, h;, and h, are the upper—lower
limits of the membership function A-cut set expressed by
mathematical expressions.

ambiguity function f(x)

n »
»

01 02 03 04 05 06 07 08 09 1.0

fuzzy number x

Fig.7 Fuzzy numbers representing the natural language
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In the A-cut set, the total fuzzy set z of the 20 experts is:

fivieloLeemesn = Max |1 ® fy (1) A10® fL(x) A6
® fu(x) A3 ®f]-1(x)|
=max |1 ® (0)+ 10 ® (0.1 +0.24)
+6®04+0.11)+3Q®0.5+0.14),
1®0.3-0240)+10® (0.5-0.14)
+6® (0.6 —0.14) +3® (0.9 —0.11)]

=1[(49+294), (11.6 — 2.14)|
(N
According to formula (7), the average fuzzy number
Wis:

1
W=—|49+4+292),(11.6 -2.14
20! ) l ®
=(0.245 4 0.1452), (0.58 — 0.1054)|

OrderW A = |(z1,22)| = 1(0.245 + 0.1454), (0.58 — 0.1054)|
with A = z1 — 0.245/0.145 and 4=0.58—z2/0.105, the rela-
tion function of the average fuzzy number W is:

20245
o1 0245 <2<0.39

1 0.39 < z<0475 ©)
0.58—7

510 0.475 < 7<0.58

0 other

W)=

Transform the fuzzy number into the fuzzy
probability score

The fuzzy set is obtained by quantitative evaluation of the
natural language, and the fuzzy number is converted into
a definite fuzzy possibility score (FPS) for comparative
analysis in the fault tree. According to the left—right fuzzy
order method proposed by Chen et al. (1992), the fuzzy
number can be converted into FPS. The method defines
the maximum f,,, (x) and minimum f, ;,(x) fuzzy sets as:

x (0<x<]

fmax(x) = { 1 (other)

_J1-x0O<x<1)
Jinin(0) = { 1 (other)

The left-right fuzzy possibility scores FPS; (W) and
FPER(W) of the average fuzzy number W are:

(10)

FPS| (W) = sup [fw(x) A f min(x)]

FPSR (W) = sup [fw(x) A f max(x)| (n

The fuzzy possibility score FPS (W) formula is:
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| EPSg(W) + 1 — FPS, (W) |

FPS (W) = >

12)

According to formula (12), the left-right fuzzy probabil-
ity scores are FPS; (W)=0.6594, FPS; (W)=0.5249, and
FPS; (W)=0.43275.

Transform the FPS into the fuzzy failure rate

The fuzzy possibility score is converted into the fuzzy fail-
ure rate (FFR) according to formula (13) to ensure the con-
sistency of the FPS and FFR (Onisawa 1988):

1
FFR — { 75 (FPS #0)
0 (FPS=0)

1 (13)
<k=2.301x(1;1fsps)3>

Substituting FPS(W)=0.43275 into formula (13),
k=2.518, that is, FFR =0.3034 x 1072, max {expert scoring}
is used to analyze the influence of the bottom event on the
top event. For example, X; ‘steep bed slope’ and X 5 ‘flat bed
slope’ have different influences on the top event due to their
different positions and bed slope change ratios. Similarly, the
FFR of other bottom events is obtained, as shown in Table 2.

Calculating the probability of minimum cut set

The probability of the minimum cut set is calculated based
on the probability of bottom events. Taking K, as an exam-
ple, P(K,)=X;X,3=0.1517x 10 x0.7889 x 102=0.1197
% 107*. Similarly, the probability of other minimum cut sets
can be calculated, as shown in Fig. 8.

According to the analysis of probability, although the
probability of X,, is less than the probability of X; and
X5, the probability of K,,=X,,X,5 is greater than that of
K,3;=X,X5X,5, which indicates that the simultaneous

Table 2 FFR of each bottom event of the ice dam fault tree

Bottom event Probability Bottom event Probability
value/x 1072 value/x 1072
X, 1.2388 X0 1.6406
X, 0.2518 Xn 0.0753
X; 0.1517 X 0.4920
X, 0.8337 X3 0.7889
X; 0.4498 X4 0.0836
X 0.3034 X5 0.9441
X; 0.4055 X6 1.4859
Xg 0.8375 X7 0.8035
X, 0.3281 X5 0.2985
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probability value /x10+4

minimum cut set K;

Fig. 8 Probability of the minimum cut set

Table 3 Assessment criterion and level for the probability of an ice
dam

Risk level Qualitative description Probability interval
1 Impossible occurrence <0.0001

11 Low possibility occurrence 0.0001-0.001

11T Occasional occurrence 0.001-0.01

v Possible occurrence 0.01-0.1

v Often occurrence >0.1

occurrence of events X, X5 and X5 will lead to the occur-
rence of K,;. Therefore, the probability of K, is small.

Results and discussion
Risk assessment results and analysis

The probability of the fuzzy fault tree top event is the sum of
the probability of each minimum cut set, and the formula is:

P(T) = )’ P(K)) (14)

j=1

where Kj is the j numbered minimum cut sets, and 7 is the
total number of minimum cut sets of the fault tree.

Through calculation and analysis, it can be concluded
from formula (14) that the probability of the top event of the
ice dam failure tree is P(7)=0.2029 x 1072

According to the risk occurrence possibility level crite-
rion in GB/T 50927-2013 (2014), the criterion for the prob-
ability of an ice dam is shown in Table 3. The corresponding
ice dam level of the project is level III, that is, the level of
occasional occurrence. During the winter ice melting period
of 2015-2016, a small-volume ice dam approximately 1 m
thick appeared upstream of the inverted siphon of Nanju-
mahe, which was included in the canal section studied in
this paper. Fortunately, the upstream water level was not

significantly increased of seriously damaged. Currently,
the relevant literature related to the prototype observation
of water transfer during the ice period of the MRSNWDP
shows that there are sometimes a few ice dam events in the
channel studied in this paper, without serious consequences.
Therefore, it can be thought that the research method is fea-
sible, the research conclusion is credible, and the model is
of generalized application.

Analysis of major risk indicators

It can be seen from Table 2 that the probability of bottom
events distribution ranges 0.07 x 1072=1.7 x 1072, the prob-
ability of bottom events was sorted by size, and it was found
that 0.4 x 1072-0.7 x 107 span is larger. Therefore, bottom
events were divided into two categories based on the prob-
ability of 0.7 x 1072, and bottom events with a probability
greater than 0.7 x 107> were called as the main risk indica-
tors. Eight main risk indicators were determined, including
meteorological conditions, narrowed cross section, sluice
incident, erroneous scheduling judgment, ice cover influ-
ence, flat bed slope, control structures, and ice flow resist-
ance of piers. The suggestions for risk prevention and con-
trol aiming at the main indicators are as follows:

(1) Meteorological conditions are the main thermal fac-
tors affecting the formation of ice dams, including air
temperature, solar radiation, sunshine time, wind speed
and direction and other factors. It is possible to provide
data support for the prevention and control of ice condi-
tion of water diversion project by improving the winter
operation meteorological forecast technology.

(2) Sluice may have internal failure or freeze failure prob-
lems, the safety of sluice can be improved and the
failure rate of sluice can be reduced through regular
overhauling, ice disturbance or artificial de-icing.

(3) Errors scheduling judgment may be caused by data
errors, the accuracy of ice regime forecasting can be
improved and misjudgment can be reduced by making
good detection records of hydraulic parameters, mete-
orology, water temperature and other relevant variables.

(4) At the narrowed cross section and the flat bed slope,
ice blocks are easy to submerge and accumulate, thus
providing conditions for the formation of ice dams. The
channel size change can be reduced and the risk of ice
dam can be reduced by optimizing the narrowed cross
section factor and the flat bed slope factor at the design
stage.

(5) Ice cover influence is mainly manifested as large
hydraulic fluctuations caused by changes in ice cover
range and thickness within the canal system. On the
one hand, it is easy to cause ice cover to break, which
provides a risk source for ice dam formation. On the
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other hand, hydraulic fluctuation easily causes the ice
blocks to submerge, which provides the disaster envi-
ronment for the formation of the ice dam. Therefore,
it is necessary to closely observe the changes of ice
cover characteristics and strengthen the research on
sluice group operation scheduling to reduce the adverse
hydraulic response caused by ice cover changes.

(6) Control structures are designed in the form of water
flowing but freezing, which is easy to cause a large
amount of ice blocks to accumulate in front of the
sluice, which is an inevitable phenomenon of water
diversion project and an important manifestation differ-
ent from the river ice problem. At the design stage, the
amount of ice resistance can be controlled by reason-
ably allocating the space between control structures. At
the operation stage, the total ice blocks in the canal can
be reduced through ice block cable can be installed in
front of the control structures, mechanical ice dredging
or ice sluice, and thermal melting, so as to control the
scale of the ice dam and reduce the risk.

(7) Ice flow resistance of piers is one of the conditions for
the formation of the initial ice dam. In the design of
water diversion projects, the piers are avoided in the
channel section as much as possible.

Analysis of reducing ice dam risk

According to the controllability of risk indicator, the main
risk indicators are divided into controllable risk indicators
and non-controllable risk indicators, and controllable risk
indicators are divided into controllable at the design stage
and controllable at the operation stage. The classification
results are shown in Table 4.

From two aspects of the design stage and operation
stage of water diversion project, the influence of control-
lable risk indicators on the risk of ice dam is discussed by
reducing the probability of controllable risk indicators to
different degrees.

(1) Analysis of the influence of single indicator on ice dam
risk
It can be seen from Fig. 9 that:

o
o
~
X
<
(]
=
g
- —— Narrowed cross section
= 0.09 —— Flat bed slope
g —x— Ice flow resistance of ice-stopping structures
.8 —=— Sluice incident
5 0.05 —=— Erroneous scheduling judgement
—— Control structures
0.01

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Degree of probability reduction of controllable risk indicators

Fig.9 Influence of single indicator control on ice dam risk

(1) Controlling each indicator can reduce the risk of
ice dam, and the degree of risk reduction increases
with the degree of control.

(2) Errors scheduling judgment has the best effect
on reducing the risk of ice dam, under complete
control, the risk probability of ice dam is reduced
to 0.118351 x 1072, and the risk is reduced by
41.67%.

(3) Under the condition that other risk indicators are
completely controlled, the risk reduction degree
of ice dam is as follows: control structures can
reduce the ice dam risk by 25.45%, sluice inci-
dent can reduce the ice dam risk by 21.27%, nar-
rowed cross section can reduce the ice dam risk
by 20.28%, flat bed slope can reduce the ice dam
risk by 16.17%, and ice flow resistance of piers
can reduce the ice dam risk by 13.76%.

(4) All single indicators rank the degree of ice dam
risk reduction as follows: errors scheduling judg-
ment > control structures > sluice incident > nar-
rowed cross section > flat bed slope >ice flow
resistance of piers.

(2) Analysis of the influence of multi-indicator combina-
tion on ice dam risk
It can be seen from Fig. 10 that:

(1) Controlling the controllable indicators at the
design stage can effectively reduce the risk of ice

Table 4 Classification of major

. Controllable risk factors
risk factors

Uncontrollable risk factors

Controllable at design stage

Controllable at operation stage

Narrowed cross section X,
Flat bed slope X5
Ice flow resistance of piers X,

Sluice incident X Meteorological conditions X

Erroneous scheduling judgment X, Ice cover influence X5

Control structures X ¢
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Fig. 10 Influence of multi- 0.21 —=— Controllable at design stage
indicator combined control on - i
. . — —<— Controllable at operation stage
ice dam risk \\\
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Probability reduction degree of controllable risk indicators in different stages

dam, and the reduction effect is significant with
the degree of control. Under complete control, the
risk probability of ice dam is 0.100992 x 1072, and
the risk is reduced by 50.23%.

(2) The risk reduction effect of ice dam is better than
that of the design stage when controllable indica-
tors at the operation stage are controlled. When
the control degree is 70%, the risk probability
of ice dam is 0.095382 x 1072, and the risk level
is reduced to level II, which reduces the risk by
52.99%. Under complete control, the risk prob-
ability of ice dam is 0.060342 x 1072, and the risk
is reduced by 70.26%.

(3) The risk reduction effect of ice dam is the best
when controllable indicators at the operation and
design stage are controlled. When the control
degree is 50%, the risk probability of ice dam is
0.08746 x 1072, and the risk level is reduced to
level I, which reduces the risk by 56.89%. Under
complete control, the risk probability of ice dam
is 0.022384 x 1072, and the risk is reduced by
88.97%.

Analysis of ice dams disaster insurance

Insurance is a risk transfer tool, which compensates for
disaster losses through insurance premium paid and accu-
mulated by the applicant, and an effective non-engineering
measure with the functions of pre-disaster prevention, post-
disaster compensation and loss reduction (Li and Li 2012).
Excessive ice dams can induce flood, seriously damage the
project and the surrounding environment along the line, and
cause huge economic losses (Li et al. 2017b). Therefore,

it is necessary to introduce ice dam disaster insurance to
disperse disaster losses.

This insurance is a phased insurance, which ensures the
safe operation of water transfer during the ice period of water
diversion project. When introducing insurance, it is neces-
sary to determine the insurance rate, premium, insurance
coverage, insurance period and insurance amount accord-
ing to the actual situation of water diversion project, clarify
the responsibilities of all parties involved in the insurance,
determine the process and method of disaster loss assess-
ment, and formulate the claim standard (Tariq et al. 2014;
Kousky and Michel-Kerjan 2017).

Conclusions

In this study, the safety and pertinence of winter operation
risk prevention and control projects are improved by evalu-
ating the ice dam risk of water diversion projects. A fuzzy
fault tree-based ice dam risk assessment method for water
diversion projects is proposed, and the conclusions are as
follows:

(1) From the three aspects of ice production, ice transport,
and ice submergence conditions, the risk fault tree of
ice dams in water diversion projects was established.
Eighteen disaster risk indicators were identified, 72
minimum cut sets were obtained, and eight risk indi-
cators were determined as the main risk indicators,
including meteorological conditions, narrowed cross
section, sluice incident, erroneous scheduling judg-
ment, ice cover influence, flat bed slope, control struc-
tures, and ice flow resistance of piers.

(2) The risk assessment model of ice dams in water diver-
sion projects based on fuzzy fault trees was proposed,
and taking part of the main channel of the MRSN-
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WDP as an example, combined with the expert scoring
method, the ice dam risk probability of this canal was
determined to be 0.2029 x 102, which is a level IIT risk,
that is, the level of occasional occurrence.

(3) The prevention and control suggestions for ice dams
were put forward aiming at the main risk indicators.
Controlling each controllable indicator can effectively
reduce the risk of ice dams. The risk reduction effect
of ice dam was the best when controllable indicators at
the operation and design stage were controlled. Under
complete control, the risk probability of ice dam was
determined to be 0.022384 x 1072, and the risk level
was reduced to level II, which reduces the risk by
88.97%.
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