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Real-timemonitoring of the actual elastic modulus is essential and necessary to ensure the safe operation of arch dams..e zoning
elastic modulus of a high arch dam is inversed by using deformation safety monitoring data in the operation period, based on the
particle swarm optimization with gravitation search algorithm for support vector machine (PSOGSA-SVM) method. Firstly, the
measured data of multipoints with a pendulum are separated to construct the initial sample training set; then, an optimal inversion
model is established to reflect the complex nonlinear relationship between the mechanical parameters of the high arch dam and
the deformation of measured points; finally, the PSOGSA-SVMmethod is used to train and dynamically update the training set so
as to realize the optimization solution of the inversionmodel..e proposed inversionmethod is successfully applied to a high arch
dam in China to verify its feasibility and validity. .e results show that the actual elastic modulus of the dam body is much larger
than the initial elastic modulus, which is beneficial to structural stability.

1. Introduction

China has built a large number of 300-meter-high concrete
arch dams in the upper reaches of the Yangtze River and the
Yellow River, such as Jinping-I of 305m, Xiaowan of 294.5m,
Baihetan of 289m, and Xiluodu of 285.5m. .ese high dams
and reservoirs are world-class projects, which can switch water
disasters to water conservancy and provide the source power
for national economic development. .e topographic and
geological conditions of the dam area are very complex.
Determining the accurate physical andmechanical parameters
of materials is the key to the structural deformation, stress, and
stability of dams [1]. .erefore, in order to carry out the
behavior diagnosis and rule analysis of a high arch dam during
its operation period, it is urgent to study the method to ac-
curately identify the real-time mechanical parameters.

Dam safety monitoring is a prototype test by 1 :1. By
using prototype observation data to carry out inversion
analysis, the parameters most consistent with the actual
working state of the project can be determined. According to
the equation of finite element numerical simulation of
concrete dams, the horizontal displacement of the dam crest
is inversely proportional to the change of the dam body
elastic modulus. Many scholars have carried out very
meaningful research [2–14]. De Sortis and Paoliani [15]
carried out the back analysis of the physical and mechanical
parameters of a concrete buttress dam by establishing a
mixed displacement model. Gu et al. [16] constructed the
complex nonlinear relationship between relative values of
hydraulic components of dam displacements and me-
chanical parameters for the roller-compacted concrete dam,
by combining the partial least squares (PLS) regression and
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least squares support vector machine (LSSVM) sample
training method.

For the complex inversion analysis in practical engi-
neering, the parameter inversion problem is often trans-
formed into the optimization problem of the objective
function. .is process requires an efficient iterative method
with strong nonlinear mapping capability and only a few
samples. In recent years, such optimization methods have
widely been developed [17–27], such as neural network
method, confidence interval method, genetic algorithm, and
particle swarm optimization. Liang et al. [28] comprehen-
sively used artificial neural network and particle swarm
optimization algorithm to invert the physical and me-
chanical parameters of the high and steep slope of the
Dagangshan dam. Bui et al. [29] proposed a novel hybrid
artificial intelligent approach, namely, swarm optimized
neural fuzzy inference system, for modeling and forecasting
the horizontal displacement of hydropower dams. Zhang
et al. [30] considered the zone plans of rockfill dams based
on the enhanced whale optimization.

.is papermainly focuses on the optimal inversion analysis
of zoning elastic modulus of Jinping-I high arch dam in China.
A reasonable statistical model is established to obtain the
displacement components caused by water pressure. On this
basis, the actual average elastic modulus of Jinping-I high arch
dam is obtained by inversion. Finally, the real working strength
of the arch dam is fed back through the simulation of the whole
construction period. In the inversion analysis of the elastic
modulus, considering the zoning characters, an effective
PSOGSA-SVM method which can improve the speed and
accuracy is established. .is algorithm is simple, easy to im-
plement, and fast to calculate when dealing with the extremum
optimization problem. .ere is no requirement for the
mathematical form of the objective function, and the gradient
of the objective function, which is especially suitable for
nonlinear and multiextremum optimization problems.

.e inversion results show that the vertical deformation
of Jinping-I high arch dam is relatively small, and the elastic
modulus is increasing from now on, which is beneficial to
structural stability. In other words, measured displacement
of this high arch dam is much smaller than expected, which
should arouse our attention. .is phenomenon has not yet
been unanimously explained by experts. What we need to do
now is to strengthen safety monitoring and ensure the stable
operation of Jinping-I high arch dam.

2. Inversion of ZoningMechanics Parameters of
High Arch Dams

2.1. Inversion Principle. In the initial stage of impoundment,
the high arch dam has not experienced other sudden loads.
.e dam concrete is in the range of elastic deformation. .e
average elastic modulus and Poisson’s ratio of the dam body
and foundation are, respectively, Ec, μc, Er and μr. .e
overall equilibrium equation of the three-dimensional finite
element model of a high arch dam structure is as follows:

K0  δ0  � R{ }, (1)

where δ0  is a nodal displacement array, R{ } is a nodal load
array, and [K0] is a global stiffness matrix, which can be
represented as
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where [k0]ej
is a unit stiffness matrix, [C]ej

is a trans-
formation matrix between the node displacement of a unit
and the displacement of the whole nodes, [B] is a trans-
formation matrix of strain, which is a constant matrix for a
given unit, and [D0] is an elastic matrix, which is related to
the elastic modulus and Poisson’s ratio:
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.en equation (2) can be converted to
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(5)

where R � Er/Ec, L is the geometric size of the dam body,
and [K0] is the ultimate stiffness of the structure.

Considering the short storage time, the influence of
temperature load and aging factor can be neglected. .e
increment of external load is mainly caused by the change of
reservoir water level. .erefore, the water pressure com-
ponent δH is separated from the dam monitoring data,
assuming the modulus of elasticity of the dam body and
foundation are, respectively, Ec0 and Er0. .e water pressure
component δH

′ is deduced by the structural analysis method.
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At this time, the actual average elastic modulus of the dam
body or foundation can be expressed as

Ec � Ec0
δH′
δ

orEr � Er0
δH′
δ
.

(6)

Considering the zoning concrete characteristics of high
arch dams, the increment of structural displacement under
the uplift of reservoir water level is proportional to the elastic
modulus combination of each zoning dam body and dam
foundation.

2.2. Inversion Steps of ZoningMechanics Parameters of a High
Arch Dam. �e measured vertical displacement of the high
arch dam is the superimposed e�ect of deformation of dam
concrete, dam foundation, and reservoir bedrock. In
structural numerical simulation, the change of horizontal
displacement of the arch dam is obviously a�ected by three
zoning mechanical parameters. �e inversion method of the
dam body and dam foundation parameters, especially the
joint inversion method by zoning multipoints, is studied in
combination with zoning characters and pendulums of #13
dam section of a high arch dam.

�e high arch dam body is divided into several concrete
zones. Taking Jinping-I high arch dam as an example (Fig-
ure 1), in the area near the foundation surface of #3∼#22 dam
section and the area above 1778.00m elevation in the dam
section of river bed, Zone A concrete of C18040 is used. In the
area near the foundation surface of #1, #2, and #23∼#26 dam
sections on both sides and the area below 1778.00m elevation
in the river bed dam section, zone B concrete is C18035. In the
other areas above 1778.00m elevation of both sides, zone C
concrete is C18030. �erefore, in view of the engineering
problem, equation (2) is transformed into

K0[ ] � αEA + βEB + cEC, (7)

where α � ∑ej∈ΩA[C]
T
ej
[k0]ej[C]ej, β � ∑ej∈ΩB[C]

T
ej

[k0]ej
[C]ej, and c � ∑ej∈ΩC [C]

T
ej
[k0]ej[C]ej.

It can be concluded that the equations for calculating the
elastic modulus inversion of high arch dams in di�erent
zones are as follows:

EA + aEB + bEC( )δH � EA0 + aEB0 + bEC0( )δH′ , (8)

where EA0, EB0, andEC0 are, respectively, the assumed
elastic modulus of zones A, B, and C; a � β/α and b � c/α.

�e �rst inversion step of the high arch dam is to de-
termine rock mechanics parameters of dam foundation by the
inversion of vertical monitoring data.�e inverted pendulums
of a high arch dam foundation monitor the relative dis-
placement from the deep suspension point to the buoy near
the dam foundation. �e inverted vertical suspension depth
can reach about 100m. When the inverted vertical suspension
point is deep enough, it can be regarded as the absolute
displacement of the dam foundation. Using displacement
monitoring data of the inverted pendulum, the deformation

modulus of dam foundation at the location of the inverted
pendulum can be calculated by using equation (8).

�e second inversion step of the high arch dam is to
determine the mechanical parameters of dam zoning con-
crete by inversion of dam body monitoring data. Taking
point A at dam crest as an example, the deformation under
water pressure is composed of three parts: dam body de-
formation caused by water pressure δ1, dam body de-
formation caused by rotation of dam foundation δ2, and
dam body deformation caused by shear of dam foundation
δ3. Figure 2 shows the deformation diagram of these three
parts. In order to inverse dam body mechanics, it is nec-
essary to separate the dam body deformation caused by the
rotation of dam foundation and shear of dam foundation
from the water pressure component δH of measured vertical
data and the water pressure deformation δH′ calculated by
the �nite element method. �en the �rst part of the dam
body deformation required is obtained, and the mechanical
parameters of the dam body can be inverted.

�erefore, equation (8) for inversion of dam body
mechanical parameters can be transformed into the fol-
lowing equation:

EA + aEB + bEC( )δH � EA0 + aEB0 + bEC0( )
δH′ − δ2′ − δ3′
δH − δ2

,

(9)

where δH′ is the displacement of point A under water
pressure with FEM under the assumption of the mechanical
parameters and δH is the water pressure component of the
displacement measured by the pendulum of point A sepa-
rated by the monitoring model. δ2′ and δ2 are calculated
displacement and measured displacement at point A caused
by dam foundation corner, respectively. δ3′ is the calculated
displacement by FEM caused by dam foundation shear.

�e measured displacement at point A caused by the
turning angle of the dam foundation is the superposition of
the upstream overhang of the arch dam caused by the action
of reservoir water on the reservoir plate and the upstream
tilt displacement of the arch dam caused by the action of
reservoir water on the dam body. In order to simplify
the calculation, the deformation from dam heel to dam toe
caused by these two actions is assumed to be uniform.
Generally speaking, this assumption can meet the

PL13-2

PL13-3

PL13-4

IP13-2

PL13-5

PL13-1

A

A

1885.0

1580.0

Figure 1: Layout of concrete zoning and pendulum of an arch dam.
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requirements of engineering accuracy. �en the displace-
ment component δ2 of point A caused by the dam foun-
dation turning angle can be expressed as

δ2 � hd arctan
υu − υd
B

, (10)

where hd is the dam height of the calculation section and υu
and υd are the vertical displacements of the dam heel and toe,
respectively, which can be determined by the multipoint
displacement meter of the dam heel and the displacement
monitoring value of the dam toe.

�ere are many pendulums inside the high arch dam.
�e measured deformations of each pendulum can be
expressed as δij, where i(i � 1, 2, . . . , m) represents the dam
section the pendulum is located and j(j � 1, 2, . . . , n)
represents the vertical serial number calculated from the
dam crest. �e numerical results of relative deformation
between two points corresponding to the vertical de-
formations are presented as δij′ .

Since the arch dam can self-adjust the stress state, it is
necessary to further extract the pendulums which are sen-
sitive to the elastic modulus of zoning dam concrete and to
extract the relative displacement in the �nite element model
to improve the accuracy of the inversion results when using
equation (9) to invert the elastic modulus of the high arch
dam.

Sensitivity analysis of the pendulum system is de-
termined by the �nite element numerical simulation
method. Firstly, the characteristic water levels
Hk(k � 1, 2, . . . , l) corresponding to the storage steps of
several high arch dams are selected, and then the relative
displacement increment matrices Ak � δijk′{ }

m×n of each
pendulum under the action of each characteristic water level
are calculated, respectively. �en, the displacement in-
crement matrix Bk � δijk′{ }

m×n of the j-th pendulum of i-th
dam section under each characteristic water level is sepa-
rated from the measured data. �e sensitivity of the pen-
dulum is determined by the similarity between the
displacement increment matrices. �e weight of each pen-
dulum’s contribution to the inversion is as follows:

ωij �
δijk − λδijk′
∣∣∣∣∣

∣∣∣∣∣
− 1

∑mi�1∑
n
j�1 δijk − λδijk′
∣∣∣∣∣

∣∣∣∣∣
− 1, (11)

where λ is determined by the minimum �tting error.

3. Multipoint Zoning Optimized
Inversion Algorithms

3.1. Support Vector Regression-Based Multipoint Zoning
Optimal Inversion Method. �e inversion of the elastic
modulus of high arch dams can be summarized as the
following �tting optimization problems:

Var Ek(t)[ ] � min∑
m

i�1
∑
n

j�1
ωij δij(t) − δij′(t)[ ]2, (12)

where Ek is the elastic modulus of each zoning concrete,
including EA, EB, and EC. m is the number of dam sections
with the pendulum, and n is the number of pendulums. ωij is
the weight of single measured point displacement. δij′ is the
water pressure component with FEM, and δij is the water
pressure component with measured displacement, which
can be obtained by the statistical model.

�e support vector machine (SVM) [21, 22] is used to
solve the above optimization problems between Ek and δij′ .
Considering the nonlinear relationship between the dis-
placement calculated by FEM and the elastic modulus of
zoning concrete,Xi(i � 1, 2, . . . , n) is assumed as in¢uencing
factor set, which is the input sequence of each relative dis-
placement calculation value. yi is the input sequence of the
inversion e�ects’ value. �en, the distribution sample set
(Xi, Yi)(i � 1, 2, . . . , n) of the inversion of elastic modulus of
concrete in high arch dams obeys the speci�c distribution
F(x, y) in function space Rl × R, where x ∈ Rl andy ∈ R.
�en, using the idea of the support vector machine and
nonlinear transformation ϕ(·), the set of in¢uencing factors is
mapped from input space to high-dimensional feature space,
and the optimal classi�cation hyperplane function f(x) �
wTf(x) + b is found to �t the relationship between in¢u-
encing factors X and e�ects y. �e optimal support vector
machine model of the inversion problem is obtained as

min R(w, ξ) �
1
2
wTw + C∑

n

i�1
ξi,

s.t

yi wTϕ xi( ) + b[ ]≥ 1,

ξi ≥ 0,

i � 1, 2, . . . , n,




(13)

H
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δ1
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δ3
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Figure 2: �ree parts of the displacement component under water pressure.
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where R denotes the risk function of the optimization
problem. w � (w1, w2, . . . , wl)

T is the weight vector of each
influence factor. C> 0 is the penalty parameter, and xi is the
relaxation variable.  ξi represents the deviation degree of
effect monitoring data points from ideal classification
conditions. ϕ(x) is a mapping function from input space to
high-dimensional feature space, and b is a constant term
reflecting bias.

According to the optimization theory and Wolfe duality
technique [31, 32], the problem of minimizing the risk
expectation of equation (13) is transformed into a duality
problem..e Lagrange multiplier method is used to find the
optimal solution at the saddle point of the function, and the
insensitive loss function L(y, f) � L(|y − f|ε) is defined to
enhance the robustness and sparsity of the algorithm. .e
quadratic programming problem with the following in-
equality constraints is obtained:

max − ε
n

i�1
αi + α∗i(  + 

n

i�1
yi α∗i − αi(  −

1
2



n

i�1


n

i�1
α∗i − αi(  α∗j − αj K xi − xj ,

s.t. 

n

i�1
α∗i − αi(  � 0, αi, α

∗
i ∈ [0, C],

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

where α � α1, α2, . . . , αn 
T denotes the Lagrange multi-

pliers; f(xi) and f(xj) are the nonlinear transformation
function; α∗i (i � 1, 2, . . . , n) is the Lagrange multiplier
corresponding to αi and α∗i αi � 0; and only if α∗i ≠ αi, the
corresponding data sample points are defined as support
vectors.

.e idea of solving the abovementioned nonlinear
problems is to map the low-dimensional input samples into
the high-dimensional space by introducing the kernel
function and transform the nonlinear support vector re-
gression into a linear problem so as to construct the optimal
hyperplane solution. According to functional theory, the
inner product function K(xi, xj) satisfying Mercer condi-
tion K(xi, xj) � f(xi)f(xj) is the kernel function to be
sought. In this paper, the radial basis function (RBF) kernel
function is used to solve the problem, which can be
expressed as

K xi, xj  � exp
− xi − xj




2

2σ2
⎛⎜⎜⎝ ⎞⎟⎟⎠. (15)

3.2. Particle Swarm Optimization with Gravitation Search
Algorithm for Support Vector Machine Modeling Parameters.
.e key to obtain the optimal solution of equation (13) is to
select the appropriate radical basis function width σ and
penalty parameters C. A particle swarm optimization with
gravitation search algorithm (GSA) [33, 34] is introduced
here to approximate the optimal solution of the two pa-
rameters. .e corresponding solutions of σ and C are
regarded as a group of particles moving in the solution
space, and the optimization degree of the solution is
regarded as the mass of the particles. In the solution, the
particles are expected to follow the spatial kinematics law
and move towards the position with the highest mass. In
each iteration, the position, velocity, and acceleration of the
particle movement are updated, i.e.,

x
d
i (k + 1) � x

d
i (k) + v

d
i (k + 1),

v
d
i (k + 1) � v

d
i (k) + a

d
i (k),

a
d
i �

Fd
i (k)

Mi(k)
,

F
d
i (k) � 

j∈N,i≠j

G0 × Mi(k) × Mj(k)

xd
i (k) − xd

j (k) 
2 ,

(16)

where xd
i (k), vd

i (k), and ad
i (k) denote the position, velocity,

and acceleration of the k-th generation particles i in the d-th
dimensional space, respectively and G0 is the iterated
gravitational constant.

In order to consider the memory of particles, the idea of
particle evolutionary computation in particle swarm opti-
mization (PSO) is introduced to improve the iteration speed.
.en, the velocity update equation is transformed into

v
d
i (k + 1) � ωv

d
i (k) + c1 × r × x

d
i (best) − x

d
i (k) 

+ c2 × r × x
d
g(best) − x

d
i (k) ,

(17)

where ω denotes the inertia factors; c1 and c2 represent the
acceleration factors; xd

i (best) is the individual optimal position
of particle i during k iteration process; and xd

g(best) is the global
optimal position of all the particles during k iteration process.

3.3. Realization of Optimized Inversion of Multipoint Zoning
Concrete of High Arch Dams. In the optimized inversion of
the multipoint zoning concrete method, based on the
construction of the initial sample training set, the set is
updated dynamically and continuously trained to establish
the optimal inversion model which can reflect the complex
nonlinear relationship between the elastic modulus of the
zoning concrete and the displacement of the measured

Advances in Civil Engineering 5



points. .e elastic modulus of zoning concrete of the high
arch dam can be inverted by inputting the measured dis-
placement of the separated measured points. Its main
implementation process is shown in Figure 3..emain steps
are as follows:

Step 1. Establish the safety monitoring model between
measured displacement and environmental factors of the
pendulum system, separate the water pressure component,
and separate the displacement caused by the deformation of
reservoir plate and the shear of dam foundation further.

Step 2. Considering engineering materials and structural
zone of the dam body concrete, dam foundation rock, re-
placement body, cracks, faults, and weak structural surfaces,
establish a three-dimensional finite element model of the
arch dam.

Step 3. Determine the elastic modulus parameter groups of
EA, EB, EC, and ED and their respective ranges according to
the material characteristics of zoning dam concrete, and
then construct the parameter combinations to be inverted by
the orthogonal experimental design method.

Step 4. Separate the displacement values calculated by FEM
corresponding to each pendulum, carry out sensitivity
analysis, determine the contribution of each pendulum to
the inversion, and then select the main contributing factors
to construct the training sample set and test sample set of
SVM regression modeling.

Step 5. Load the radial basis function parameter σ and
penalty parameter C of the SVM model on the individual
space particles, use the particle swarm optimization with
gravitation search algorithm method to iterate the op-
timal spatial position of the individual particle, and
decompose the particle to obtain the optimal parameters
of the SVM regression model.

Step 6. Load the parameters to be inverted EA, EB, EC, and
ED onto the individual space particles, use the particle swarm
gravitation search algorithm to iterate the optimal spatial
position of the individual particles, and then decompose the
particles to obtain the optimal parameters to be inverted.

4. Case Study

.e Jinping-I high arch dam is located in southwest China,
which is mainly used for power generation and flood
control of the Yalong River. Its layout chart is shown in
Figure 4. .e normal water level is 1880.0m with the
storage capacity below 7.8 × 109 m3. .e dam crest ele-
vation is 1885.0m, and the minimum foundation surface
elevation is 1580.0m. .e maximum dam height is
305.0m, which means it is the highest arch dam in the
world. .e width of the dam crest is 16.0m, the thickness
of the dam bottom is 63.0m, and the ratio of thickness to
height is 0.207.

4.1. Selection of Inversion Data. In the dam monitoring
system, the pendulum can directly reflect the dam de-
formation with high accuracy. .e measured data show that
the radial deformation of the middle part of the dam is
obviously affected by water pressure and is less restricted by
the mountains on both sides of the river. .erefore, 24
measured points in sections #5, #9, #11, #13, #16, and #19 are
taken as calculation data in the process of inversion.
According to the installation drawings of the pendulum
system, the corresponding notes of the finite element model
are processed by accumulating and transforming theX andY
directions data into tangential and radial data. .en, the
model parameters are inverted by comparing with the
measured values. Figure 5 is the pendulum system of some
main dam sections.

Figure 6 shows the measured radial displacement in-
crement nephogram of the arch dam from the water level of
1808.14m on June 1, 2017, to that of 1878.16m on De-
cember 31, 2018. Figure 7 shows the measured tangential
displacement increment nephogram during this period.

From the radial displacement and tangential displace-
ment increment nephograms of the pendulum system, it can
be seen that the overall zoning rule of radial displacement is
obvious. In addition, the increment value of radial dis-
placement is large, which can be taken as the main basis for
inversion. Figure 8 shows the fitting water pressure com-
ponent δH, temperature component δT, and aging com-
ponent δθ of the radial displacement of measured point
PL13-3 in dam section #13 with the stepwise regression
algorithm. It can be seen that the radial displacement of
measured point is mainly affected by water pressure.
.erefore, the water pressure component of radial dis-
placement of the pendulum system is selected for inversion.

4.2. FEM Simulation. Based on engineering design and
geological data, a three-dimensional finite element model of
the high arch dam is established to study dam working state.
.e finite element is built according to the two-dimensional
engineering drawings, and the simulation calculation is
conducted with the finite element software. Figures 9 and 10
show the finite element model which consists of 923737
elements and 957221 nodes, and the number of nodes and
elements for dam body is 36079 and 29840, respectively. .e
mesh for the dam body and foundation are relatively fine
and coarse by progressive meshing technique to achieve a
balance between accuracy and efficiency of the simulation.
Furthermore, several models with different element sizes
were established for mesh validation, which demonstrated
that the selected model satisfies the demand calculation
accuracy. Hexahedral eight-node isoparametric element is
mainly used in the finite element model. Also, pentahedral
six-node isoparametric element is used in some areas
considering the topographic and geological effects..emain
weak structural surfaces, such as f2, f5, f8, f42-9, f13, f14, and
f18 faults, are simulated during the meshing of foundation.
In addition, topographic, stratigraphic zoning and some
engineering measures such as concrete cushion, concrete
plug, shear transferring tunnel, second dam, plunge pool,
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Establish a three-dimensional FEM simulation
model of the arch dam

Determine the range of zoned parameters Ei

Construct parameter combinations for
inversion by orthogonal design

Analyze the sensitivity of the pendulum system, and
determine the weight of each pendulum

Results 
output

Start

Establish the monitoring model for pendulum data

Separate water pressure component based on
the statistic model

Establish the SVM model, and use individual particle
model to load C and σ

Update iterative particle individuals in the PSOGSA

Decompose optimal location of space particle to
obtain optimal Ei of the SVM model

Establish the SVM model, and obtain the optimal
parameters to be inverted

Construct the SVM training sample set and test
sample set

Set PSOGSA model parameters, and initialize SVM
model parameters C and σ

Figure 3: PSOGSA-SVM inversion process of zoning high arch dams.
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Figure 4: Layout chart of the Jinping-I high arch dam.
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and grouting treatment are simulated. Figure 11 shows the
zoning concrete of the dam body model. �e high arch dam
body is divided into zone A, zone B, and zone C according to
the construction manual.

Selection of the coordinate system in the model: X-axis is
perpendicular to the arch dam center line, pointing to the
left bank is positive (SE62°); Y-axis is parallel to the arch dam

center line, pointing downstream is positive (NE28°); and Z-
axis is positive in the vertical upward direction.

4.3. Inverse Modeling Analysis Procedure. �e geological
conditions of the dam foundation and the mountain body
on both sides of the river are complex, and the rock mass
parameters of each part are di�erent, which have little
in¢uence on the calculation value of the dam deformation.
�erefore, the simpli�ed calculation regards the dam
foundation and the mountain body on both sides of the
river as a whole, that is, the dam foundation and the
mountain body on both sides of the river are regarded
as zone D, with a comprehensive elastic modulus pa-
rameter ED.

For the inversion range of elastic modulus of A, B, C, and
D zones, consulting the research papers of relevant scholars,
the elastic modulus of the Jinping-I high arch dam body and
dam foundation are usually larger than the initial elastic
modulus. In addition, considering that A, B, and C zones
concrete in dam construction is C18040, C18035, and C18030,
respectively, with the initial modulus of 24.0 GPa, 23.5 GPa,
and 23.0GPa. �e di�erence is little, so the �rst assumption
is that the dam body is homogenous, and the range is
EA � EB � EC ∈ [30GPa, 48GPa]. Considering the content
of construction report, the elastic modulus range of dam
foundation is estimated as ED ∈ [24GPa, 39GPa]. It should
be noted that the elastic modulus inversion of the homo-
geneous dam body is only a rough inversion of the elastic
modulus range of the dam body and foundation, which
provides a basis for the next accurate inversion.

We select the statistical model of the stepwise regression
algorithm to preprocess the inversion data and select
δH, δT, and δθ as components.

�e water pressure component of pendulum radial
displacement increment from June 1, 2017, to December 31,
2018, is extracted on the basis of �nite element simulation
inversion.

�e separation results of pendulum radial displacement
increment of some main measuring points are as follows by
using statistical model. δ is the measured value of the radial
deformation, δH is the water pressure component, δT is the
temperature component, δθ is the aging component, and ε is
the error between the measured value and the sum of three
components above.

From Table 1 and Figure 12, we can see that the error of
the statistical model of the stepwise regression algorithm is
small, which means that the separation result is credible and
the water pressure component used for the �nite element
analysis is reasonable as well.

Based on assumption that the dam body is homogenous
and dam foundation is simpli�ed, which means EA � EB �
EC ∈ [30GPa, 48GPa] and ED ∈ [24GPa, 39GPa]. �e dam
body and dam foundation elastic modulus ranges are, re-
spectively, substituted into the �nite element model with the
increment of 3GPa. In other words, EA � EB � EC ∈
(30GPa, 33GPa, 36GPa, 39GPa, 42GPa, 45GPa, 48GPa),
and ED ∈ [24GPa, 27GPa, 30GPa, 33GPa, 36GPa, 39GPa].
�e number of combined results is 7 × 6 � 42.

PL5
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PL11 PL6PL13
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Figure 5: Pendulum system of some main dam sections.
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.e incremental value δHc of water pressure component
of radial displacement deformation of 42 groups of 24
measuring points is calculated. .e standard deviation σ

between the water pressure component extracted increment
from 24 measuring points and that calculated from the finite
element model is chosen as the objective function:

f EA, ED(  � σ �

�������������



24

i�1
δiH − δiHc( 

2




. (18)

When the value of σ is the smallest, it shows that the
elastic modulus simulated is the closest to the actual elastic
modulus. .e calculation results are shown in Table 2.

From Table 2 and Figure 13, we can estimate that the
elastic modulus distribution which is closest to the actual
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Figure 9: .ree-dimensional finite element model of the Jinping-I
arch dam (upstream viewpoint).

Figure 10:.ree-dimensional finite element model of the Jinping-I
arch dam (downstream viewpoint).

Zone C Zone A Zone C

Zone AZone B

Figure 11: Finite element model of zoning concrete of the dam
body.

Table 1: Separation results of pendulum radial displacement
increment.

Points δ δH δT δθ ε

PL5-2 20.54 16.26 16.26 3.40 0.19
PL5-3 12.35 9.82 9.82 1.49 0.13
PL5-4 4.79 3.06 3.06 0.78 0.04
PL9-3 23.65 21.49 21.49 1.86 0.01
PL9-4 13.81 12.85 12.85 0.67 − 0.02
PL9-5 3.43 3.20 3.20 0.14 − 0.02
PL11-2 37.90 33.46 33.46 4.24 − 0.01
PL11-3 30.47 27.69 27.69 2.15 − 0.10
PL11-4 21.52 19.68 19.68 1.04 − 0.15
PL11-5 10.06 9.02 9.02 0.30 − 0.10
IP11-1 2.65 2.24 2.24 0.02 − 0.03
PL13-3 30.38 27.89 27.89 1.94 0.09
PL13-4 22.33 20.93 20.93 0.83 − 0.01
PL13-5 11.49 10.73 10.73 0.23 0.06
IP13-2 3.94 3.04 3.04 0.05 0.13
PL16-2 26.94 22.69 22.69 2.59 0.13
PL16-3 22.88 19.69 19.69 0.91 0.02
PL16-4 17.52 14.90 14.90 0.28 − 0.04
PL16-5 8.96 7.83 7.83 0.29 0.01
IP16-1 2.83 2.15 2.15 0.08 0.03
PL19-2 15.43 11.23 11.23 2.66 − 0.27
PL19-3 11.18 8.59 8.59 1.22 0.06
PL19-4 7.70 6.12 6.12 0.43 − 0.02
PL19-5 3.43 2.23 2.23 0.20 0.03
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elastic modulus is that EA � EB � EC � 45GPa and
ED � 27GPa if we assume that the dam body is
homogeneous.

Next, considering the zoning of the dam body, the as-
sumed elastic modulus range of A, B, C, and D zones are as
shown in Table 3.

.e PSOGSA-SVM algorithm described above is used to
construct training samples set and testing samples set. .e
results are as follows.

From Figure 14, we can see that when EA � 44.0GPa,
EB � 45.5GPa, EC � 43.5GPa, and ED � 27.0 GPa, the

standard deviation is smallest, which means the calculated
elastic modulus is the closest to the actual value.

Figure 15 shows the comparison of the water pressure
component δHC of the calculated elastic modulus and the
measured value δHM of the statistical model mentioned
above.

.en, we take the inversion results into the calculation of
the pendulum system..e comparison nephograms between
the calculated radial displacement and tangential displace-
ment and those of the measured are as follows.

From Figures 16 and 17, the difference between the
calculated displacement of inverted parameters and the
measured displacement, which means the inversion results,
is reasonable and credible.

0.00

7.00

14.00

21.00

28.00

35.00

42.00

PL
5-

2
PL

5-
3

PL
5-

4
PL

9-
3

PL
9-

4
PL

9-
5

PL
11

-2
PL

11
-3

PL
11

-4
PL

11
-5

IP
11

-1
PL

13
-3

PL
13

-4
PL

13
-5

IP
13

-2
PL

16
-2

PL
16

-3
PL

16
-4

PL
16

-5
IP

16
-1

PL
19

-2
PL

19
-3

PL
19

-4
PL

19
-5

D
isp

la
ce

m
en

t (
m

m
)

δH
δT

δθ
H

(a)

–0.80

–0.50

–0.20

0.10

0.40

0.70

1.00

PL
5-

2
PL

5-
3

PL
5-

4
PL

9-
3

PL
9-

4
PL

9-
5

PL
11

-2
PL

11
-3

PL
11

-4
PL

11
-5

IP
11

-1
PL

13
-3

PL
13

-4
PL

13
-5

IP
13

-2
PL

16
-2

PL
16

-3
PL

16
-4

PL
16

-5
IP

16
-1

PL
19

-2
PL

19
-3

PL
19

-4
PL

19
-5

Er
ro

r (
m

m
)

(b)

Figure 12: Separation results of pendulum radial displacement increment.

Table 2: Standard deviations of the combined results of EA and ED.

ED
EA �EB �EC

30GPa 33GPa 36GPa 39GPa 42GPa 45GPa 48GPa
24GPa 30.59 22.97 16.67 11.43 7.22 4.49 4.46
27GPa 27.89 20.34 14.11 9.03 5.29 4.13 5.91
30GPa 25.73 18.24 12.11 7.27 4.38 5.03 7.60
33GPa 23.96 16.53 10.53 6.05 4.39 6.28 9.16
36GPa 22.49 15.13 9.29 5.32 4.98 7.52 10.54
39GPa 21.24 13.97 8.32 5.01 5.77 8.66 11.75

Table 3: Assumed elastic modulus range of A, B, C, and D zones
(GPa).

EA EB EC ED

Homogeneous value 45.0 45.0 45.0 45.0
Range of actual
value 44.0–46.0 43.5–45.5 43.0–45.0 26.0–28.0
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Figure 13: .ree-dimensional graph of standard deviation of
combined results of EA and ED.
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Figure 14: Standard deviation of combined results of EA EB EC, and
ED with the PSOGSA-SVM algorithm.

10 Advances in Civil Engineering



5. Conclusion

An optimal analysis method has been proposed to invert the
zoning elastic modulus of the Jinping-I high arch dam. .e
water pressure component of radial displacement of main
measured points is obtained with the statistic model as the

calibration. A new PSOGSA-SVM optimization method is
carried out to solve the inversion problem, which is of great
significance to improve the efficiency and accuracy. .e
results are reasonable and reliable.

Considering with the similar studies of other scholars,
the results of EA � 44.0 GPa, EB � 45.5GPa, EC � 43.5 GPa,
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Figure 15: Water pressure component δHC of the calculated elastic modulus and the measured value δHM of the statistical model.
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Figure 16: Comparison nephogram between the calculated radial displacement and that of the measured.
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Figure 17: Comparison nephogram between the calculated tangential displacement and that of the measured.
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and ED � 27.0GPa show that the real elastic modulus of the
dam body is much larger than the initial elastic modulus and
it is increasing in recent years. It shows that the displacement
of the Jinping-I high arch dam is smaller than expected,
which means it is beneficial to structural stability. However,
it should be mentioned that it is possible that some unknown
reasons that cause the dam displacement smaller deserves
much more attention in many aspects. It is necessary to
strengthen safety monitoring and ensure the stable opera-
tion of the Jinping-I high arch dam.
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