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How to evaluate the seepage safety status of the concrete gravity dam under the function of short-period heavy rainfall and the
possible historical extreme reservoir water level during typhoon is an important issue considering the dam safety-monitoring.
Based on analysis of the monitoring series of the foundation uplift pressure, this paper assumed the influential process of antecedent
reservoir water level and rainfall as a process of normal distribution and introduced the mutation factor to reflect the uprush feature
of uplift pressure under the function of high-influential typhoon. Moreover, the corresponding hysteresis days and influential days
of the model are optimized with quantum genetic algorithm (QGA) to raise the fitting and prediction accuracy. It is verified that the
new statistical model for fitting can obtain higher multiple correlation coefficient (0.972) compared with the traditional statistical
model (0.925) and could also perfectly predict the uprush feature of the pressure during the typhoon, which is of certain theoretical

and practical application value in the future.

1. Introduction

Under the effects of global warming, extremely abnormal
climate events have occurred with increasing frequency
in recent years and have threatened the safe operation of
hydraulic structures everywhere [1, 2]. Among these events,
typhoons are particularly remarkable. Typhoons are among
the most common natural disasters and are characterized
by high occurrence frequency, abruptness, wide influen-
tial range, and strong disaster intensity. Every year, China
encounters 8-9 typhoons with strong winds (especially in the
southeast coastal areas) and is among the countries that expe-
rience the most typhoon landfalls and suffer the worst dam-
age [3-5]. As a result of the earth’s deteriorating environmen-
tal condition, the occurrence tendency of this disastrous
weather event is on the rise [6, 7]. For example, on June 11,
2014, typhoon “Haima” landed on Guangdong, Guangxi, and
Hainan and caused heavy storms and, particularly, torrential
rainstorms in the coastal cities located in south Meizhou, west

of the Pearl River Delta, and west Guangdong. The rainfall
was between 50 mm and 250 mm, and the maximum cumu-
lative rainfall was 377.6 mm in Xinhui District. The rainstorm
increased the water storage of 32 large reservoirs in Guang-
dong by 56 million m®. On October 7, 2013, typhoon “Fitow”
landed at Shacheng Town, Fuding City, Fujian Province,
China, and was the strongest typhoon hitting China during
the month of October since 1949. During the flood period,
the Yongjiang basin encountered the strongest rainfall in the
hydrological history, causing severe waterlogging in Ningbo
City and resulting in widespread and long-term interruption
of traffic and power. The average rainfall of the city was
187.8 mm and the maximum single-station rainfall reached up
to 417.5 mm. On June 18, 2014, super typhoon “Wilson” landed
on Hainan, Guangdong, and Guangxi successively and was
the strongest typhoon in those areas during the past 41 years.
According to statistics, the average rainfall in Hainan on June
18 was 264 mm, and the rainfall in Changjiang and Haikou
City was greater than 500 mm, causing the water storage of all



reservoirs in Hainan to increase by 0.318 billion m®, and 241
reservoirs took urgent measures to discharge flooding. The
extreme weather conditions of strong winds, heavy rainfall,
and storm-tides that accompany typhoons can increase the
frequency and intensity of hydrological extremes, which
lead to extraordinary flooding and new historical extreme
water levels, thus adding to the working risk of hydraulic
engineering [8, 9]. Furthermore, the heavy rainfall during
typhoons can lead to geologic hazards and deteriorate mate-
rial properties of dam bodies, which in turn reduce the
projects’ service lives.

The seepage safety evaluation of a concrete gravity dam
is the main task of dam security monitoring. For a gravity
dam of 100 m, the foundation uplift pressure is approximately
20% of the dam weight under normal reservoir level and
is therefore the main load for concrete gravity dams which
directly influences the dam stability [10, 11]. Conventional
statistical models decompose the uplift pressure into water
level component, rainfall component, temperature compo-
nent, and aging component and consider the foundation
uplift pressure to be linearly correlated with the average value
of the antecedent water level and rainfall [12]. It is analyzed
from the monitoring data that the foundation uplift pressure
during typhoon increases sharply under the function of
short-duration heavy rainfall and historical extreme reservoir
water level, while the traditional statistical model cannot
reflect the feature. The reason is that the traditional statistical
model adopts the mean value of water level and rainfall of
the past i days to fit the foundation uplift pressure, which
would weaken the effects of historical extreme water level and
rainfall. Besides, the four components that constitute the tra-
ditional model are designed to fit the long-period monitoring
series and cannot reflect the sudden decrease of antiperme-
ability of dam foundation system during the typhoon.

Based on analysis of concrete gravity dam’s seepage
characteristic, this paper proposes a novel statistical model
of foundation uplift pressure considering the nonlinear influ-
ence of antecedent reservoir water level and rainfall and intro-
duces the mutation factor to simulate the uprush feature of
the pressure during typhoon. The quantum genetic algorithm
(QGA) is adopted to optimize the model parameters to raise
the corresponding fitting and prediction accuracy. To verify
the feasibility of the proposed method, a certain concrete
gravity dam in Fujian Province is chosen as an example.
By comparing with the monitoring values and the results
of traditional statistical model, the new statistical model for
fitting is proved to have higher fitting accuracy and can also
accurately predict the uplift pressure during the typhoon
Fitow in 2013.

2. Basic Theory

2.1. The Statistical Model of Foundation Uplift Pressure of
Concrete Gravity Dam. The foundation uplift pressure of
concrete gravity dam is mainly influenced by the reservoir
water level, rainfall, bedrock temperature, and time-varying
characteristic of dam-material [13]. In order to reflect the
uprush feature of the pressure during typhoon, the mutation
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FIGURE 2: Normal distribution influential curve.

factor is introduced in this paper. Therefore, the statistical
model of the foundation uplift pressure is as follows:

P =Py + Py +Py+Pr+ Py, )

In the formula, P represents dam piezometric-tube level;
Py, represents water level component; Py represents the
rainfall component; Py represents time-varying component;
Py represents temperature component; and Py, represents the
mutation factor.

(1) Water Level Component Py;. Unlike the traditional model
considering the influential process of the antecedent reservoir
water level as an “average” process (Figure 1), this paper
assumed the process as a process of normal distribution [12],
as is shown in Figure 2, and the corresponding form of the
component is as follows:
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where a; is the regression coefficient; x; and x, are the
hysteresis and influential days; H,(¢) and H,,, are the actual
and effective reservoir water-level, respectively.

Among them, x; and x, should be calculated by trial and
the discrete integral should be adopted since the reservoir
water level is generally measured one time a day.

(2) Rainfall Component Py. The influential process of rainfall
shows a significantly nonlinear feature and there is also
hysteresis effect [13]. According to the influential laws of
rainfall on groundwater and exponential law of fracture
seepage, the form of rainfall component is taken as follows:

my 0 1 2 i
Pr=Y0b J —— R R ()P dr
x Z,[ - Vo [R(t)]

i=1 -

(3)

where b; is the regression coeflicient; x; and x, represent the
hysteresis and influential days; R(¢) and R,,, are the actual
and effective rainfall, respectively.

Similarly, x, and x, should also be obtained by trial and
the continuous integration should be replaced by discrete
integral.

(3) Temperature Component Pr. The foundation seepage
is closely related with the variations of ground fractures
while the fracture variation is highly affected by the bedrock
temperature [14]. In this paper, the periodic function is
adopted to represent the temperature component as follows:

2

27it 27it
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where ¢;; and ¢,; are the regression coeflicients.

(4) Time-Varying Factor Py. The basic form of the component
is as follows [14, 15]:

Py=d,0+d,In6, )

where d, and d, are the regression coefficients; 6 is the num-
ber of monitoring days from the initial reservoir impound-
ment divided by 100.

(5) Mutation Factor. When the measured reservoir water
level or rainfall exceeds the historical maximum water level
or rainfall, the factor is introduced into the model. The
mutation factor is directly related with the maximum value
of environmental variables and the corresponding excess
compared with the historical maximum values. Based on this,
the mutation factor is defined as follows:

2

Py = Y ¢;(DH,). (6)

i=1

In the formula, e; represents the regression coefficient;
DH, represents the product of extreme reservoir water level

H and its excess AH during the typhoon; DH, represents the
product of extreme rainfall R and its excess AR.

In summary, the novel statistical model of uplift pressure
for concrete gravity dam considering the effect of high-
influential typhoon is denoted as follows:

m; . m, X
pP= Zaj [Rum]] + ij [Rum]]
j=1 i1
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2
i=1
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2
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2.2. Quantum Genetic Algorithm. In 1982, Richard Feynman
and Benioft firstly put forward the concept of quantum
computing based on quantum mechanical properties. In 1985,
Deutsch [16] indicated that the concurrent quantum compu-
tation can be realized by using the coherent-superposition
property of quantum states and defined the first quantum
calculation model. Shor [17] proposed the first quantum
algorithm based on the quantum concurrent computation in
1994 and used it to solve the large prime factorization. In
1996, Grover [18] proposed a quantum algorithm for random
database search. In 2002, Han and Kim firstly put forward the
quantum genetic algorithm (QGA) based on quantum theory
[19]. QGA is a probability search algorithm by encoding the
chromosomes with quantum bits and conducting the evolu-
tionary search by updating the population with quantum gate
based on the information of current best individual [20, 21].
Compared with the traditional evolutionary algorithm, QGA
can strike a balance between exploration and development
and have the property of small population size, fast conver-
gence speed, and global optimization ability [22, 23].

The basic information unit in QGA is called quantum bit
and the state of a quantum bit can be expressed as follows [24]:

lo) = a0y +BI1), (8)

where « and f3 represent the probability amplitudes of
the corresponding quantum bit and they also meet the
normalized criterion as follows:

o + B[ = 1. )

Thus, the state of a quantum bit can also be denoted as
follows:

|(p>:cosg|0)+ei(”sing|1). (10)

In the quantum genetic algorithm, quantum information
is encoded by pairs of complex numbers [25] and the
quantum chromosome composed of m sets of quantum bits
can be expressed as follows:

% m

[ Z Bl | B

where |oc,~|2 + Iﬁil2 =1(G(=12,...,m).

o

] , (11)
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TaBLE 1: f(«;, f3;) value query table.
d, d, flog, )
d; >0 d, >0 1€,] > 5] 1€,] < 5]
True True +1 -1
True False +1 +1
False True -1 -1
False False -1 +1

The encoding method can represent the random linear
superposition of quantum states. For example, a chromosome
with 3 quantum bits can be expressed as follows:

1

N | = N|a

1
2

ﬁ . (12)
2

S-S

The update of quantum gate can be denoted as [26]

[; U(G)[ﬁl]_[:j(Z) c:sn(e Hﬁ] (13)

6,) —sin@) ] .
where U(6;) = [zfj((e)) cf)l?((e,»))] is quantum rotating gate,
among which the variables can be expressed as follows:

0, = k'f(“i»ﬁi)s

. (14)
k=7-exp iter ),

where k is the adaptive variable; t is the evolutionary popula-
tion; iter,,,, is a constant depending on the complexity of the
optimization problem.

The search strategy of f(«;, f3;) is shown in Table 1. In
the table, &, and f3; are the probability amplitude of global
optimal solution, d; = «, x B, and £, = tan™" (B, /e, ); &, and
3, are the probability amplitude of current solution, d, = o, x
B,and &, = tan™'(B,/a,). If both d, and d, are greater than 0,
the current solution and global optimal solution will be in the
first quadrant or third quadrant. When |&,; | > |&,], the current
solution should be rotated counterclockwise, f(e;, 5;) = +1;
otherwise, f(«;, 3;) = —1. Similarly, the other three rotational
criteria can be deduced by the same way.

Furthermore, in order to prevent the optimization pro-
cess from converging at local extremum, the algorithm also
introduces the mutation operator based on certain probabil-
ity. For instance, a quantum bit «|0) + f3|1) can be transformed
into «|1) + f|0) through the operation. In practice, the
mutation probability is generally taken between 0.1 and 0.01,
which can both maintain the diversity of the population and
prevent the algorithm from converging at local extremum.

In this paper, the stepwise regression algorithm is adopted
to fit the monitoring series of foundation uplift pressure and
the corresponding multiple correlation coefficient is taken as
the fitness value. The basic steps of the algorithm are shown
in Figure 3.
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FIGURE 3: Flow chart of quantum genetic algorithm.

3. Case Study

3.1. Project Introduction. A hydropower station, which is
located at the upstream of Yao River in Fujian Province,
is taken as an example. The station is a first-class hub
project and is mainly composed of roller compacted concrete
gravity dam, Huyangli auxiliary dam, spillway, bottom flood-
releasing outlets, water-conveyance structures in left bank,
and the underground powerhouse. The highest elevation of
dam crest is179.0 m and the total length of dam crest is 300 m.
The normal water level and check flood level of reservoir
are 173.0m and 177.8 m with the corresponding regulating
capacity and the total capacity of 1.122 billion m® and 2.035
billion m?, respectively. The downstream view of the concrete
gravity dam is shown in Figure 4.

To monitor the dam seepage condition, 126 osmometers,
9 seepage-measuring weirs, 46 dam foundation piezometer-
tubes, 11 observation wells, and 131 hydraulic bases are
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installed by the constructors. The layout of the seepage-
monitoring instruments in 4 # dam section is shown in
Figure 5. The analysis of the monitoring values shows that
the uplift pressure of A6-UP-01 measurement point is at high
level each year and has obvious uprush phenomenon during
the typhoon. Therefore, this paper will focus on analysis of
the point with the new statistical model.

3.2. The Fitting of the Foundation Uplift Pressure. The mon-
itoring series of A6-UP-01, A6-UP-02, and A6-UP-04 from
Oct. 1, 2008, to Oct. 3, 2013, are selected as the original data.
The initial historical extreme values of reservoir water level
and rainfall are taken as 176.4 m and 235 mm, respectively.
The maximum number of iterations of QGA is taken as 2000.
When the iterations of the algorithm exceed 2000 or the
multiple correlation coefficient is over 0.99, the algorithm is
terminated. The traditional genetic algorithm (GA) is also
adopted to verify the effectiveness of QGA. The evolution of
the fitness value of three measurement points is shown in
Figure 6.

As far as the measurement point A6-UP-01 is consid-
ered, the fitness value of QGA is stable at 0.972 after 1316
generations while the GA is only stable at 0.961 after 1589
generations; the fitness value of QGA for A6-UP-02 mea-
surement point finally converges to 0.96 with 784 generations
corresponding to 0.953 of GA with 1326 generations; the
fitness value of QGA for A6-UP-04 measurement point
finally converges to 0.971 with 687 generations while the GA
only converges to 0.968 after 1213 generations.

Therefore, it is clear that the convergence speed of
quantum genetic algorithm (QGA) is remarkably improved
and the premature phenomenon can be effectively avoided
compared with the traditional genetic algorithm (GA). The
QGA can always converge to a higher fitness value in fewer
generations than GA.

The conventional statistical model of the foundation
uplift pressure of concrete gravity dam is also introduced in
this paper to verify the effectiveness of the proposed method
and the formula of the model is as follows:

m, o my
pP= ZauiHui + szﬁz
i=1 i=1

ms . .
2mit 2mt> (15)
+ ¢;sin—— +c¢;cos— | +d,0+d,1n0
; ( T AT A
+ ag,

where a,; is the regression coeflicient of reservoir water
level; H,, is the average water level of former i days; b; is
the regression coefficient of rainfall; p, is average rainfall
of former i days; ¢;; and ¢,; are regression coeflicients of
the temperature component; d; and d, are the regression
coeflicients of the aging component.

In this paper, the traditional method is conducted by
fitting the monitoring values of A6-UP-01 with stepwise
regression method based on the conventional statistical
model by taking m, = m, = m; = 5. The fitting results of
the two methods are shown in Figure 7.

It is obvious that the proposed method can perfectly
simulate the variation of the foundation uplift pressure and

FIGURE 4: The downstream view of the concrete gravity dam.

the fitting results of the proposed method are more accurate
to the monitoring values compared with the conventional
statistical model. Moreover, as the novel model in this paper
considers the nonlinear influence of antecedent reservoir
water level and rainfull, the proposed method can perfectly
reflect the uprush feature of the pressure and is close to
the recorded value at the top of the monitoring series. The
multiple correlation coefficient of the traditional statistical
model is 0.925 and is far less than 0.972 of the new statistical
model in this paper. Therefore, it can be concluded that the
proposed model possesses higher fitting precision than the
traditional statistical model.

The novel statistical model of the foundation uplift
pressure for measurement point A6-UP-01 can thus be
established through the above steps and the hysteretic days
and influential days of the upstream water level and rainfall
are 3d and 63 d and 4 d and 52 d, respectively.

Therefore, the obtained components of foundation uplift
pressure are as follows.

(1) Water Level Component. Consider

Py = 0.086H., —7.174H. +78.355H.,

(16)
~ 803.41H_, +2707.147H,,,.
(2) Rainfall Component. Consider
Pp = —147.56R’, +407.749R}, - 565.423R’ -
2
+479.507R,,, — 227.248R ,,,..
(3) Temperature Component. Consider
2mt 4t 2mt
Py = 0.602 sin —2- — 16.972 sin —= + 6.563 cos —-
365 365
. (18)
~ 1318 cos -2+
365
(4) Aging Component. Consider
Py =-30.7410 + 0.4431n 0. (19)
(5) Mutation Factor. Consider
P, = 0.081 (DH)’ - 3.785 (DH)* + 14.421 (DH)’
(20)

—61.702 (DH)* + 129.017 (DH) .
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FIGURE 5: The layout of the seepage-monitoring instruments in 4 # dam section.

3.3. The Analysis of the Foundation Uplift Pressure during
the Typhoon Fitow

3.3.1. The Qualitative Analysis of the Foundation Uplift Pres-
sure. In 2013, the 23rd tropical storm, Fitow typhoon, formed
in the east ocean of the Philippines at 20:00 on Sep. 30
and the storm center was located at north latitude 13.9° and
east longitude 132.5°. At 17 pm on Oct. 1, Fitow typhoon
intensified into a strong tropical storm and then developed
into a typhoon in the early morning of Oct. 3 and finally
changed into a powerful typhoon in the afternoon of Oct. 4.
When Fitow typhoon landed on China in Shacheng Town,
Fuding City, Fujian Province, at 1:15 on Oct. 7, the largest wind
scale of the center was 14th (18 m/s) and the center minimum
pressure was 955 hectopascal, which posed a great pressure
for the safety operating of the hydraulic structures in the area.

During the typhoon, the area encountered the strongest
rainfall in hydrological history. The process of the areal
rainfall from Oct. 5, 2013, to Oct. 9, 2013, is shown in Figure 8.
The area suffered from a continuous rainfall, occasionally
heavy to torrential rain during the typhoon. The rainfall
concentrated on Oct. 6 and 7 and the areal rainfall of these
two days reached up to 507.2 mm. The total rainfall during
the typhoon reached up to 565.2 mm, which is close to the
once-in-a-century rainfall of the area.

Under the function of the typhoon Fitow, the reservoir
water level reached the historical maximum value of 177.6 m
on Oct. 10, which brought a severe challenge for the safe
operation of the dam.

The monitoring values of the uplift pressure of each
measurement point in 4 # dam section from Oct. 5 to Oct.
21 are shown in Figure 9. As is shown in the figure, the uplift
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pressure of each measurement point increased obviously
from Oct. 7 after the typhoon Fitow landed on China, except
for A6-UP-03. The monitoring values of A6-UP-01 and A6-
UP-02 reached the peak value on Oct. 8 while the A6-UP-04
showed more obvious hysteresis effect and reached the peak
value around Oct. 10. After that, the monitoring values of
each point gradually returned to normal while the reservoir
water level dropped. Among the four measurement points,
the values of A6-UP-01 were obviously higher than the other
points, with its maximum value of 141.93 m on Oct. 8 during
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FIGURE 8: The areal rainfall process during the typhoon Fitow.

the typhoon. Therefore, the paper would focus on the seepage
safety analysis of the point with the new statistical model.

3.3.2. The Prediction of Foundation Uplift Pressure during
Typhoon Fitow. In this paper, the established model above
is applied to forecast the uplift pressure of the A6-UP-01
measurement point from Oct. 5, 2013, to Oct. 30, 2013, during
the Typhoon Fitow. The historical extreme water level H, .
and rainfall R_,, are updated as 176.9m and 279.2mm,
respectively. The predicted results of the two methods are
shown in Figure 10.
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As is shown in Figure 10, by introducing the mutation
factor into the statistical model, the proposed method can
perfectly predict the uprush phenomenon of the foundation
uplift pressure during the typhoon Fitow and the predicted
value is rather close to the monitoring values throughout the
period. On the other hand, as the traditional statistical model
cannot reflect the function of short-period heavy rainfall and
historical extreme reservoir water level, the traditional model
can hardly simulate the sharp variation of uplift pressure and
is only close to the monitoring values after the typhoon passed
away.

4. Conclusion

This paper proposes the novel statistical model of the foun-
dation uplift pressure considering the nonlinear influences
of the antecedent environmental variables and introduces the
mutation factor to simulate the uprush feature of the pressure
under the function of typhoon. By comparing with traditional
statistical model, the following conclusions could be drawn:

(1) The short-duration heavy rainfall and historical
extreme reservoir water-level during the typhoon
would remarkably raise the operating risk of
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hydraulic project. How to synthetically evaluate the
safety status of the dam under the condition would
be an important subject in the future.

(2) As far as the measurement point A6-UP-01 is con-
sidered, the new statistical model is proved to have
better fitting accuracy and can also accurately predict
the uprush feature of the foundation uplift pressure
during the typhoon compared with the traditional
statistical model.

(3) The optimization process of the QGA possesses good
property of fast convergence speed and global opti-
mization ability which can effectively avoid falling
into local extremum of GA.
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