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Abstract: Pumped storage power station (PSPS) is an important clean energy project that plays an
important role in ensuring the economical, safe, and stable operation of power systems and alleviating
the contradiction of peak load regulation. Deformation analysis of the built and under construction
PSPS dam was an important process of dam design and operation, which was of great significance to
ensure the safe operation of hydraulic structures in the reservoir site. Nevertheless, there were many
parameters involved in the model for analyzing dam deformation, which brings a large workload to
the inversion and application of model parameters. In this study, the asphalt concrete face rockfill
dam (ACFRD) of a PSPS in Ningxia, China, was taken as an example, a dam deformation 3D finite
element analysis model based on the Duncan–Chang E-B model was constructed, and the orthogonal
test method was used. The model parameters of the main rockfill zone, secondary rockfill zone,
and reservoir bottom backfill zone were taken as factors for the sensitivity analysis of horizontal
displacement of dam H, vertical displacement u, and asphalt concrete face tensile strain ε. The
results showed that initial bulk modulus base Kb, damage ratio Rf, and initial elastic modulus base
K had a relatively higher sensitivity and had significant impacts on the calculation results, while
internal friction angle ϕ, fraction angle reduction ϕ, bulk modulus index m, and elastic modulus
index n had a relatively lower sensitivity, which had no significant impact on the calculation results.
Therefore, when using the Duncan–Chang E-B model to analyze the deformations of a PSPS dam and
asphalt concrete face, Kb, Rf, and K should be the focus. Parameters with a low sensitivity could be
determined by engineering analogy so as to achieve the purpose of improving calculation efficiency
under the premise of ensuring calculation accuracy. Meanwhile, these parameters should also be
strictly controlled during construction. The results of this study could provide a reference for the
design and safety assessment of ACFRD in PSPS.

Keywords: pumped storage power station; asphalt concrete face rockfill dam; Duncan–Chang E-B
model; deformation; orthogonal test method; sensitivity parameters

1. Introduction

A pumped storage power station (PSPS) refers to pumping water from the lower
reservoir to the upper reservoir during periods of low electrical demand. The electric
energy is stored as the potential energy of water. Then, the stored water is discharged from
the upper reservoir to the lower reservoir for power generation during periods of high
electrical demand [1–3]. Owing to their role in power grid peak shaving, voltage regulation,
energy storage, and power stability control, PSPSs have become an important type of
hydropower project throughout the world [4]. As a large country with hydropower energy
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development, China has increased the development and utilization of clean hydropower
energy in recent years and made a commitment to the world to strive for a “carbon peak”
by 2030 and “carbon neutrality” by 2060, which has also brought new opportunities and
challenges to the development of PSPS [5].

A reservoir dam is an important part of PSPS. The asphalt concrete face has good
anti-seepage ability, deformation adaptability, and water and thermal stability [6–8]. There-
fore, the asphalt concrete face rockfill dam (ACFRD) has become one of the most widely
used dam types in current PSPS engineering [9–11]. However, the asphalt concrete face
used for dam anti-seepage also faces some safety problems [12] due to various potential
damages to the asphalt concrete face. For instance, the formation of blisters associated with
bacteria [13] or caused by the vapor pressure formed by the water enclosed in the middle
of the impervious layer during high temperatures [14]. These behaviors may change the
mechanical properties of asphalt concrete and weaken the serviceability of the asphalt
concrete face. The operation behavior of asphalt concrete face is additionally affected by
temperature and geometrical changes [15–17]. As ACFRDs are built higher and higher, the
rock-filler deformation and panel cracking have aroused great concern among design and
management personnel in relevant engineering fields [18–20] since the stable, safe opera-
tion and economic benefits of PSPS dams are directly related to these problems. Therefore,
it is very important to analyze the deformation during the construction of and constructed
PSPS dams to ensure the safe operation of hydraulic structures at the reservoir site.

The accuracy of any numerical simulation strongly depends on the soil, constitutive
law, and mechanical parameters used during the simulation process [21–23]. The nonlinear
elastic model or the elastoplastic model can currently be used to analyze rockfill dam
deformation [24]. The elastoplastic constitutive model can better reflect the characteristics
and internal mechanism of the actual rock-filler deformation, as well as the hardening,
softening, and rock-soil dilatancy. Many advanced soil models are based on the elastoplastic
framework [25–30]. These models are mathematically elegant, but they often require several
parameters that are expensive and hard to quantify [31,32]. The Duncan–Chang E-B model
mainly represents the nonlinear elastic constructive model. The Duncan–Chang E-B model
is an incremental elastic model proposed according to the hyperbolic stress-strain curve,
which is a relatively simple soil nonlinear constructive model. It has a successful application
history in soil mechanics [33–36], which can truly reflect the deformation law of soil under
stress, and model parameters can be obtained through conventional triaxial tests. Each
parameter has a clear physical and geometric meaning [37,38]. The Duncan–Chang E-B
model can reflect the stress-deformation relationship of rockfill under different confining
pressures, which is one of the most common material constitutive models in the numerical
calculation of faced rockfill dam stress deformation.

Although the Duncan–Chang E-B model has been widely used in geotechnical and
hydraulic engineering [39–41], there are many parameters involved in the model, and the
parameter inversion analysis is difficult to conduct, and many modifications are needed in
the model’s application. Therefore, sensitivity research on the Duncan–Chang E-B model’s
parameters is conducive to accurately and quickly determine the values of relevant param-
eters, which provides a reference for the calibration of model parameters. This is of great
significance for the application of the model in practical engineering. Sensitivity parameter
identification methods can be roughly classified as single- or multi-factor analyses [42].
The single-factor analysis is mostly applicable to cases with few model parameters, and
the method assumes that there is no interaction between model parameters, which is in-
consistent with the actual situation [43]. In contrast, the multi-factor analysis makes up
for the deficiency of the single-factor analysis, as it can more accurately and comprehen-
sively reflect the identification results of sensitive parameters. When identifying sensitive
parameters with multi-factor analysis, if the parameters are comprehensively combined,
the workload will be huge; the orthogonal test design can avoid the comprehensive combi-
nation of multi-factor tests and can seek the optimal parameter combination to reflect the
test results [44].



Water 2022, 14, 2634 3 of 26

This research aimed to study the sensitivity of horizontal displacement of dam H,
vertical displacement u, and asphalt concrete face tensile strain ε to model parameters
in the analysis of PSPS dams and asphalt concrete face deformation with the Duncan–
Chang E-B model. In this study, the ACFRD of a PSPS in Ningxia Province of China
was taken as an example. According to the hydro-geological conditions and engineering
design data of the project, a 3D finite element model of the dam’s deformation based on
the Duncan–Chang E-B model was established. The orthogonal test was adopted. The
sensitivity of PSPS’s ACFRD horizontal displacement H, vertical displacement u, and
asphalt concrete face tensile strain ε to the main rockfill zone, secondary rockfill zone, and
reservoir bottom backfill zone were studied to provide a theoretical basis for the selection
of model parameters for PSPS’s ACFRD deformation analysis.

2. Duncan–Chang E-B Model

To calculate the deformation, the Duncan–Chang E-B model [45] was used to simulate
the stress-strain characteristics of the soil. The stress-strain relationship of materials to
the Duncan–Chang E-B model was usually obtained by experimental or field triaxial
compression tests, which could be approximated as a hyperbola. The Duncan–Chang E-B
model could be expressed as follows:

Et = Ei

(
1 − R f S

)2
(1)

where Et is the tangential elastic modulus; Ei is the initial shear modulus; S is the stress
level, which reflects the ratio of practical principal stress difference and principal stress
difference at failure; Rf is the damage ratio, which is the ratio of principal stress difference
asymptotic value to the actual failure principal stress difference; it was less than 1.0.

S =
(σ1 − σ3)

(σ1 − σ3) f
(2)

where σ1 is the maximum principal stress and σ3 is the minimum principal stress.

Ei = KPa

(
σ3

Pa

)n
(3)

where K and n are the initial elastic modulus base, and elastic modulus index, respectively,
which are experimentally determined; Pa is the normal atmospheric pressure.

According to the Mohr-Coulomb fracture criterion [46,47]

(σ1 − σ3) f =
2C cos ϕ + 2σ3 sin ϕ

1 − sin ϕ
(4)

where C is the cohesion and ϕ is the internal friction angle.
By inserting Equations (2)–(4) into Equation (1), the expression of the tangential

modulus could be obtained:

Et = KPa

(
σ3

Pa

)n[
1 −

R f (1 − sin ϕ)(σ1 − σ3)

2C cos ϕ + 2σ3 sin ϕ

]2

(5)

The tangential bulk modulus could be calculated by

Kt = KbPa

(
σ3

Pa

)m
(6)

where Kb and m are initial bulk modulus base and bulk modulus index, respectively.
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The elastic module of the material under unloading or reloading could be expressed
as [24]

Eur = KurPa

(
σ3

Pa

)nur

(7)

where Kur and nur were the elastic modulus base and elastic modulus index under unload-
ing and reloading separately, respectively.

The Mohr envelope of the coarse aggregate showed obvious nonlinearity. The internal
friction angle ϕ varied with the value of confining pressure σ3. Therefore, the internal
friction angle could be calculated by the following formula:

ϕ = ϕ0 − ∆ϕ log
(

σ3

Pa

)
(8)

where ϕ0 is the initial internal friction angle; ∆ϕ is the reduction value of friction angle ϕ
when the confining pressure increases by one logarithmic period.

Hence, the Duncan–Chang E-B model parameters used to describe the nonlinear
constitutive relationship of dam or reservoir bottom filling materials mainly include C, ϕ,
∆ϕ, Rf, K, Kb, n, m, Kur, and nur. It should be noted that the creep properties of rockfill,
asphalt, concrete, and overburden were simulated by a viscous-elastic-plastic model [48,49].

3. Orthogonal Test Method
3.1. Principle of Orthogonal Test Design

Orthogonal test design is a design method based on mathematical statistics and the
orthogonality principle to select representative points from many test points. An orthogonal
table is used to arrange and analyze multi-factor tests. Because of the characteristics of
the “neat comparability” and “balanced dispersion” of the orthogonal table, using this
method can effectively reduce the number of design tests and reflect the variation law of
objective things.

An orthogonal table is key to the design of an orthogonal test. It is required to satisfy
the following two conditions [43,44]: uniformity was ensured by the same occurrence
of different levels of each column (factor); number pairs composed of different level
combinations of any two columns (factors) have the same number of occurrences in the
test, so as to ensure the uniformity of the distribution of test points. Only when the two
conditions are satisfied can the test results be conveniently and comprehensively reflected.
In orthogonal tests, the investigated results are called indicators, the parameters that may
have an impact on the test indicators are called factors, and the specific test conditions
for each factor to be compared in the test are called levels. The orthogonal table can be
represented by the symbol Ln (rc). L is the code of the orthogonal table; n is the total number
of tests; r is the level number of factors; c is the column number of the orthogonal table, that
is, the maximum number of factors that can be arranged. Taking a test with seven factors
and three levels as an example, the constructed orthogonal table is shown in Table 1. In
Table 1, the first column of factors are two levels, and the last seven factors are three levels;
the total number of tests is 18.
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Table 1. L18 (2 × 37) orthogonal table.

Test Number
Column Number

1 2 3 4 5 6 7 8

1 1 1 1 1 1 1 1 1
2 1 1 2 2 2 2 2 2
3 1 1 3 3 3 3 3 3
4 1 2 1 1 2 2 3 3
5 1 2 2 2 3 3 1 1
6 1 2 3 3 1 1 2 2
7 1 3 1 2 1 3 2 3
8 1 3 2 3 2 1 3 1
9 1 3 3 1 3 2 1 2

10 2 1 1 3 3 2 2 1
11 2 1 2 1 1 3 3 2
12 2 1 3 2 2 1 1 3
13 2 2 1 2 3 1 3 2
14 2 2 2 3 1 2 1 3
15 2 2 3 1 2 3 2 1
16 2 3 1 3 2 3 1 2
17 2 3 2 1 3 1 2 3
18 2 3 3 2 1 2 3 1

3.2. Analysis of Orthogonal Test

The orthogonal test results can be analyzed by: (a) range analysis and (b) variance analysis.

3.2.1. Range Analysis Method

In the range analysis method, the sensitivity degree of the factor is judged by range
value Rj, which is defined as the influence degree of the change of the factor level on the test
indicator. The greater the range, the greater the influence of the change of the factor level
on the test index [50]. The range value is obtained by statistical Kij of factors under various
levels. The basic principle of the range analysis method can be described as follows [50]:

Kij =
1

Pij

Pij

∑
k=1

Yk − Y (9)

Rj = Max
{

K1j, K2j, · · ·
}
− Min

{
K1j, K2j, · · ·

}
(10)

where Kij is the average value of the factor j under level i; Pij is the test numbers of factor
j under level i; Yk is the indicator number of the kth test; Y is the average value of all
test results.

3.2.2. Analysis of Variance (ANOVA) Method

Range analysis can intuitively reflect the sensitivity order of each factor, but it cannot
distinguish whether the fluctuation of test results is caused by the change of factor level
or by test error, and there is no clear boundary standard to determine whether the factor
is sensitive. Therefore, to distinguish the influence of factor level change and test error
and clearly point out the sensitivity degree of the factor, and to further compare and verify
the results of range analysis, the variance analysis method was adopted in this study to
analyze the test results. The basic principle of the variance analysis method is as follows.

Suppose that Ln (rc) is used to arrange the test, and the results of the kth test are
recorded as Yk (k = 1, 2, ···n), the sum of the test results Yk of the ith level of the jth factor is



Water 2022, 14, 2634 6 of 26

represented as Tij, where T represents the sum of the total test results and pij is the number
of tests of factor j under the ith level, then [44]:

Tij =

pij

∑
k=1

Yk (11)

T =
n

∑
k=1

Yk (12)

Y =
T2

n
(13)

pij =
n
r

(14)

The total variance of n test results was recorded as ST, indicating the degree of dif-
ference between all test results; the quadratic sum of the variance of the jth column was
recorded as Sj, indicating the degree of difference between different levels of the factors
listed in column j; the sum was marked as Se, indicating the different degree of test condi-
tions during the test. The calculation formula could be expressed as [44]:

ST =
n

∑
k=1

Y2
k − Y (15)

Sj =

r
∑

k=1
Tij

pij
− Y (16)

Se = ST −
c

∑
j=1

Sj (17)

The degrees of freedom of ST, Sj, and Se were assumed to be ST, Sj, and Se, respec-
tively, then:

fT = n − 1 (18)

f j = r − 1 (19)

fe = fT −
c

∑
j=1

f j (20)

In the calculation, the test results (Y1, Y2, ···Yn) were independent and obeyed the
normal distribution with the same variance σ2. The statistics of the F test could be con-
structed [44]:

Fj =
Sj/ f j

Se/ fe
∼ F

(
f j, fe

)
(21)

By comparing Fj with the critical test value, Fα (fj, fe) was found in the F distribution
table. The sensitivity of the model output results to the changes of various factors could
be judged.

4. Case Study
4.1. Study Site

The asphalt concrete face rockfill dam project of PSPS in this study was located at the
western foot of the Niushou mountain on the right bank of the reservoir of the Qingtong
gorge on the Yellow River in Ningxia, China. The upper reservoir of the PSPS is located in
eastern Daxitian, the main peak of the Niushou mountain. The gully is in a “U” shape. The
gully in the reservoir area is developed, and the bottom of the reservoir alternates ditches
and beams. The gully needed to be backfilled with excavated materials from the reservoir
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basin to ensure that the reservoir bottom was flat; therefore, the foundation stiffness of the
intense weathering rock mass and the weak weathering rock mass of the reservoir basin
foundation and that of the backfilled and excavation area were quite different. The obvious
foundation heterogeneity is prone to cause uneven deformation of the foundation. The
reservoir bottom elevation of the upper reservoir of the PSPS is 1624 m; the normal water
and dead water levels are 1654.00 and 1625.00 m, respectively; the maximum drawdown
depth of the reservoir is 29 m; and the regulating reservoir capacity is 7.108 million m3,
which is a daily regulating reservoir. The pivotal buildings of the project include ACFRD,
reservoir basin anti-seepage system, and water inlet and outlet systems. According to the
relevant provisions of “Standards for Classification of Hydro-power Projects and Design
Safety” (DL5180-2003) and “Standards for Flood Control” (GB50201-2014) in China, this
project is a second-class (2) type project according to its storage capacity. The construction of
the reservoir was of great significance to the development of the local economy and electrical
equipment. Figure 1 shows the geographical location and layout of the reservoir site.
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Figure 1. (a) Geographical location map; (b) layout of the reservoir site.

The maximum dam height of the main dam in the project is 78 m with a crest elevation
of 1660.2 m; the maximum depth of the reservoir bottom backfill zone is 38 m; the crest
length is 549.80 m; the crest width is 10 m; the dam slope ratios of upstream and downstream
are all 1:1.7. The zone of the dam from upstream to downstream can be divided into the
cushion zone (thickness = 3 m), transition zone (thickness = 3 m), main rockfill zone,
secondary rockfill zone, and rockfill behind the dam.

The asphalt concrete face with a simple section structure was adopted for seepage
prevention in the reservoir basin. The thickness of the panel is 0.202 m. From top to bottom,
there is a 2 mm thick asphalt mastic sealing layer, 10 cm thick asphalt concrete anti-seepage
layer, and 10 cm thick flat cementation layer. The reservoir bottom and dam are connected
by a thickened asphalt concrete arc. The cementation layer was laid between the gravel
drainage cushion and the anti-seepage layer to ensure the stable combination of the asphalt
concrete face and the cushion. A typical section of the dam along the river is shown in
Figure 2.
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4.2. Establishment of Finite Element Model

The actual deformation generally occurred in the semi-infinite domain below the
ground, and the deformation calculation could only be conducted in a limited region;
therefore, it was very important to determine the scope of the calculation domain for model
generalization. The bottom and sides of the deformation calculation domain were truncated
boundaries, which were often difficult to accurately determine. Therefore, in addition to
including the design area concerned with the displacement field in the computational
domain, the position of the truncation boundary should be taken as a position where the
error of the adopted boundary conditions has little influence on the displacement field of
the concerned area.

In view of the aforementioned principles, the calculation coordinate system and model
interception range were defined as follows: the x direction of the model was perpendicular
to the dam axis with the positive direction pointing downstream; the y direction was along
the dam axis with the positive direction pointing to the left bank; the z-axis was vertically
upward with the elevation as the coordinate. The truncated boundaries were 40 m outside
the left dam abutment and 60 m outside the right dam abutment. The scope of the reservoir
was 20 m within the main backfill area. The downstream truncated boundary was 2 m
outside any material area behind the dam. The top elevation was taken as the actual terrain,
and the bottom elevation was 1624 m.

According to the geological structure of the dam foundation and abutment on both
banks, as well as the requirements of layered filling and loading, super element automatic
or manual dissection was adopted to form the finite element mesh. The element model
mesh had 20,207 nodes and 20,185 elements after discretization by the hexahedral cells. The
nodes and elements for the asphalt concrete face are 1308 and 1244, respectively, and the
maximum and minimum sizes are 10.6 m and 0.55 m, respectively. The three-dimensional
finite element mesh of the computational zone is shown in Figure 3. It should be noted that
in the subsequent description, the dam body refers to the combination of Figure 3b,d.
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Figure 3. Three-dimensional finite element mesh of the calculation zone: (a) reservoir basin; (b) reser-
voir bottom backfill area; (c) asphalt concrete face; (d) dam rock area.

4.3. Model Parameters

During model calculation, the dam foundation overburden, dam material (e.g., as-
phalt concrete face, cushion, transition layer, main rockfill zone, secondary rockfill zone),
reservoir bottom backfill zone, and rockfill behind the dam were all considered nonlinear
materials [51,52]. The Duncan–Chang E-B model was used to describe the nonlinear con-
stitutive relationship of materials. The calculation parameters are shown in Table 2. Both
preventative water-wave concrete walls and bedrock were considered linear materials. A
linear elastic model was used to describe the constitutive relationship of materials. The
calculation parameters are shown in Table 3. All calculation parameters in this study were
provided by the design department and geological exploration department of the project.

Table 2. Calculation parameters for Duncan–Chang E-B model materials.

Material ρ/(g·cm−3) ϕ0/◦ ∆ϕ/◦ Kb m K n Rf

Cushion material 2.24 2.24 11.1 498.2 0.23 1241.2 0.30 0.74
Transition material 2.21 56.4 12.1 526.7 0.03 1324.3 0.25 0.72

Main rockfill 2.18 55.6 13.0 294.9 0.03 969.0 0.25 0.71
Secondary rockfill 2.17 55.0 13.1 237.2 0.12 813.4 0.23 0.70
Rockfill behind the

dam 2.16 53.4 12.4 162.8 0.15 747.2 0.23 0.70

Reservoir bottom
backfill 2.16 53.4 12.4 162.8 0.15 747.2 0.23 0.70

Asphalt concrete 2.40 30.0 4.20 1292.1 0.40 825.9 0.55 0.47

Table 3. Calculation parameters for linear elastic model materials.

Material Volumetric
Weight γ/kN·m−3

Elastic Modulus
E/GPa Poisson’s Ratio ν

Concrete wave wall 24.0 28.0 0.167
Strongly weathered bedrock 26.6 20.0 0.250
Weakly weathered bedrock 28.4 50.0 0.250

It should be noted that the calculation parameters were obtained according to Chinese
national industry standards. For instance, geotechnical parameters were obtained through
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laboratory tests in accordance with the “Standard for Geotechnical Testing Method in China”
(GB/T 50123-2019), and asphalt concrete parameters were obtained through laboratory
tests in accordance with the “Standard for Test Code for Hydraulic Bitumen Concrete in
China” (DL/T 5362-2006).

4.4. Boundary Conditions and Step Loading

For boundary conditions, the bottom boundary of the model was a fixed constraint
boundary, and the surrounding truncated boundary was constrained in the x and y di-
rections. The purpose of staged loading was mainly to simulate the construction process
and water storage process of the dam, reservoir bottom backfill, rockfill behind the dam,
and asphalt concrete face. In staged loading, the mountains around the reservoir basin
were loaded first, and then the geo-stress balance was conducted. Before loading the
reservoir bottom backfill and dam materials, the node displacement was reset to zero, and
the element stress was reserved to obtain the initial stress field of the foundation. The
calculated displacements were all caused by construction. The whole dam construction
and water storage process was divided into 24 levels, as shown in Figure 4. Each level of
the load was loaded once, and the midpoint increment method was used to better simulate
the loading process.
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Figure 4. Step loading and water storage process of the model.

4.5. Deformation Analysis Based on the Established Model
4.5.1. Horizontal Displacement of Dam Rockfill

Based on the proposed finite element model, the dam rockfill horizontal displacement
distribution along the valley direction after completion and impoundment periods (as
shown in Figure 5) were calculated. Notably, the horizontal displacement was positive to
point to the downstream direction and negative to point to the upstream direction along the
river valley. As shown in Figure 5a, after completion, limited by topographic conditions,
the maximum horizontal displacement of the dam rockfill downstream along the valley
appeared at the middle ridge of the main rockfill zone ((x, y, z) = (−32.2, 59.1, 1640.1)),
and the maximum displacement was about 42.17 mm. The maximum displacement of the
dam rockfill upstream along the valley was about 68.26 mm, which occurred at the main
rockfill zone ((x, y, z) = (−48.6, 213.1, 1606.7)). The maximum displacement of the reser-
voir bottom backfill zone downstream along the valley was 39.4 mm, which appeared at
(x, y, z) = (−324.1, −42.6, 1618.5).
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As shown in Figure 5b, after impoundment, the displacement of the dam rockfill
zone downstream increased, and the maximum displacement was about 96.03 mm, which
appeared at the main rockfill zone ((x, y, z) = (−40.6, 75.0, 1635.2)). The maximum displace-
ment of the dam rockfill zone upstream was about 37.38 mm and appeared at the dam
crest ((x, y, z) = (7.32, 271.4, 1650.6)). The maximum displacement of the reservoir bottom
backfill zone upstream was about 71.42 mm, which appeared at (x, y, z) = (−242.3, 162.6,
1618.5). The maximum displacement of the reservoir bottom backfill zone downstream was
87.58 mm, which appeared at (x, y, z) = (−158.6, 169.5, 1618.5).

According to the results of the typical cross-section displacement along the river valley,
the reservoir bottom backfill zone had an impact on the main rockfill displacement. The
maximum displacement of the typical surface to the upstream appeared near y = −30 m,
and the displacement at this position decreased under the action of water pressure after
impounding. Moreover, after completion, the displacement change of the reservoir bottom
surface of the typical section was small, and there was a certain displacement difference on
the dam slope. However, after impounding, the displacement difference on the reservoir
bottom surface increased to about 60 mm. Although the displacement of the dam slope
along the river increased after impounding, the displacement difference was not much
different from after completion.

4.5.2. Vertical Displacement of Dam Rockfill

Figure 6 shows the distribution of vertical displacements of dam rockfill after comple-
tion and impoundment. Notably, vertical displacement was positive when it was vertically
upward and negative when it was vertically downward. As observed, after completion,
the maximum vertical displacement of the dam rockfill (506.3 mm) occurred at the dam
abutments on both banks of the main rockfill zone ((x, y, z) = (3.2, 109.4, 1622.2)). The
maximum vertical displacement of the reservoir bottom backfill zone appeared in the center
of the reservoir basin ((x, y, z) = (−253.1, −8.2, 1606.9)). After impoundment, the maximum
vertical displacement of the dam rockfill was 525.1 mm, which appeared at about half the
dam’s height of the main rockfill zone ((x, y, z) = (−5.8, 109.4, 1622.2)). This was consistent
with the actual general law, proving the reliability of the proposed model. Based on the
maximum dam height (= 78 m), the maximum vertical displacement was about 0.673% of
the maximum dam height. The maximum vertical displacement of the reservoir bottom
backfill zone was about 493.4 mm, which appeared at (x, y, z) = (−261.5, 37.3, 1614.7). Based
on the maximum depth of the reservoir bottom backfill zone = 38 m, the maximum vertical
displacement accounted for about 1.3%.
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According to the vertical displacement results of typical cross sections, after comple-
tion, the maximum vertical displacement of the dam rockfill was 505.1 mm at
(x, z) = (−3.5, 1622.2), and the maximum vertical displacement of the reservoir bottom
backfill was 276.8 mm at z = 1607 m. After impoundment, the maximum vertical displace-
ment of the dam rockfill was 523 mm at (x, z) = (−11.9, 1622.2), and the maximum vertical
displacement of the reservoir bottom backfill was 496.9 mm at z = 1615 m.

4.5.3. Tensile Strain of Asphalt Concrete Face

From a safety point of view, the internal structure of the anti-seepage material cannot
be damaged. In terms of the safety of stress-strain curves of asphalt concrete, the linear
section was generally regarded as the main working stage of asphalt concrete. According
to the relevant provisions of “Standards for Design Code of Asphalt Concrete Facings and
Cores for Embankment Dams” (SL 501-2010), the content of asphalt in the impervious layer
of asphalt concrete face could be from 6.5–8.5%. According to much triaxial test data, if the
stress when the volume changed from compression equilibrium to micro-expansion was
regarded as failure stress [53], the tensile range of the asphalt concrete was 1.0~1.3 MPa.
The test value of yield tensile strain for the asphalt concrete at 5 ◦C at the Sabigawa Dam,
Japan at 0.5%. The allowable tensile strain of the modified asphalt concrete could reach
1%, but 0.5% was taken as the yield tensile strain for the asphalt concrete in engineering
practice. Figure 7 shows the distribution of tensile strain of asphalt concrete face after
impoundment. It should be noted that the negative value represents tensile strain, and the
positive represents compressive. To clearly show the tensile strain, strain values above 0
were uniformly limited to one level here, i.e., the compressive strain is displayed in blue.

As shown in Figure 7, the tensile strain peak area appeared at the reverse arc section
of the panel and the excavation-filling interface. Overall, the tensile strain of the reverse
arc section of the panel was larger at the reservoir bottom backfill zone and tended to
gradually decrease towards the middle ridge and the two banks. The tensile strain of most
of the panel reverse arc section of the reservoir bottom backfill zone exceeded 0.3%, but
the maximum tensile strain was only 0.445%, which did not exceed the specification value
by 0.5%, so it was safe. For the excavation-filling interface, the maximum tensile strain
was 0.483%, which did not exceed the allowable value of 0.5%. The tensile strain at other
locations was not more than 0.05%. It is slightly larger at the left and right bank abutments
but still within the allowable range of the specification value. Therefore, the whole asphalt
concrete face was safe after impoundment.
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4.6. Sensitivity Analysis
4.6.1. Orthogonal Test Design and Results

There were 10 parameters involved in the Duncan–Chang E-B model, including: K, n,
Rf, ϕ, ∆ϕ, Kb, m, c, Kur, and nur. In the process of filling and impounding, the rockfill zone
was under a loading state. Parameters Kur and nur were not included in the calculation, and
the rockfill was a granular material, so parameter c could be considered zero. Therefore,
the factors for sensitivity analysis were ϕ0, ∆ϕ, Rf, K, n, Kb, and m.

Under the self-weight of the rockfill and water load, vertical and horizontal defor-
mation upstream and downstream had a great impact on the dam. At the same time,
considering that the excessive asphalt concrete face tensile strain was the main cause of
panel cracking, the dam maximum vertical displacement u, maximum horizontal displace-
ment H, and asphalt concrete face tensile strain ε were selected as the main test indices of
parameter sensitivity analysis. Based on the above model calculation parameters, the basic
parameters were increased or decreased by 20% as the three level values of the orthogonal
test in this study. Table 4 shows the levels of various factors adopted in the orthogonal test
sensitivity analysis.

Table 4. Factor levels for orthogonal test.

Zone Factor Level ϕ0 (◦) ∆ϕ (◦) Kb m K n Rf

Main rockfill
1 44.48 10.40 235.92 0.024 775.20 0.200 0.568
2 55.60 13.00 294.90 0.030 969.00 0.250 0.710
3 66.72 15.60 353.88 0.036 1162.80 0.300 0.852

Secondary
rockfill

1 44.00 10.48 189.76 0.096 650.72 0.184 0.560
2 55.00 13.10 237.20 0.120 813.40 0.230 0.700
3 66.00 15.72 284.64 0.144 976.08 0.276 0.840

Reservoir bottom
backfill

1 42.72 9.920 130.24 0.120 597.76 0.184 0.560
2 53.40 12.40 162.80 0.150 747.20 0.230 0.700
3 64.08 14.88 195.36 0.180 896.64 0.276 0.840
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According to the test factors and levels, the L18 (2 × 37) orthogonal table was selected
in this study. The first column in the table was set as empty and was not included in
the calculation and analysis. The different levels of each factor were filled in accordingly.
Assuming that the test factors were independent, the corresponding orthogonal table could
be obtained by randomly filling the test factors in the last seven columns of the orthogonal
table. Considering the possible differences in the sensitivity of test indicators to model
parameters in different zones, the main rockfill, secondary rockfill, and reservoir bottom
backfill zones were separately considered, and the maximum vertical displacement of the
dam u, maximum horizontal displacement H, and tensile strain of asphalt concrete ε during
the impoundment period under the orthogonal combination of the Duncan–Chang E-B
model parameters of these three zones was calculated. The test scheme and results are
shown in Tables 5–7.

Table 5. Orthogonal test scheme and calculation results of main rockfill zone.

Scheme Empty Column ϕ0 (◦) ∆ϕ (◦) Kb m K n Rf u/cm H/cm ε/%

1 1 44.48 10.4 235.92 0.024 775.2 0.20 0.568 5.751 −54.952 −0.348
2 1 44.48 13.0 294.90 0.030 969.0 0.25 0.710 6.849 −49.394 −0.408
3 1 44.48 15.6 353.88 0.036 1162.8 0.30 0.852 8.080 −45.835 −0.464
4 1 55.60 10.4 235.92 0.030 969.0 0.30 0.852 6.288 −55.851 −0.362
5 1 55.60 13.0 294.90 0.036 1162.8 0.20 0.568 4.298 −41.551 −0.371
6 1 55.60 15.6 353.88 0.024 775.2 0.25 0.710 8.404 −45.892 −0.451
7 1 66.72 10.4 294.90 0.024 1162.8 0.25 0.852 6.064 −47.026 −0.400
8 1 66.72 13.0 353.88 0.030 775.2 0.30 0.568 3.565 −39.789 −0.415
9 1 66.72 15.6 235.92 0.036 969.0 0.20 0.710 5.257 −52.364 −0.349

10 2 44.48 10.4 353.88 0.036 969.0 0.25 0.568 5.958 −40.957 −0.471
11 2 44.48 13.0 235.92 0.024 1162.8 0.30 0.710 5.285 −51.644 −0.351
12 2 44.48 15.6 294.90 0.030 775.2 0.20 0.852 10.698 −57.170 −0.456
13 2 55.60 10.4 294.90 0.036 775.2 0.30 0.710 6.982 −48.559 −0.404
14 2 55.60 13.0 353.88 0.024 969.0 0.20 0.852 8.621 −46.753 −0.467
15 2 55.60 15.6 235.92 0.030 1162.8 0.25 0.568 4.035 −43.388 −0.347
16 2 66.72 10.4 353.88 0.030 1162.8 0.20 0.710 5.789 −40.488 −0.418
17 2 66.72 13.0 235.92 0.036 775.2 0.25 0.852 7.472 −58.165 −0.379
18 2 66.72 15.6 294.90 0.024 969.0 0.30 0.568 4.334 −41.853 −0.369

Table 6. Orthogonal test scheme and calculation results of secondary rockfill zone.

Scheme Empty Column ϕ0 (◦) ∆ϕ (◦) Kb m K n Rf u/cm H/cm ε/%

1 1 44 10.48 189.76 0.096 650.72 0.184 0.56 7.253 −49.164 −0.402
2 1 44 13.10 237.20 0.120 813.40 0.230 0.70 6.120 −47.333 −0.395
3 1 44 15.72 284.64 0.144 976.08 0.276 0.84 5.077 −45.942 −0.389
4 1 55 10.48 189.76 0.120 813.40 0.276 0.84 6.934 −49.052 −0.401
5 1 55 13.10 237.20 0.144 976.08 0.184 0.56 6.601 −46.128 −0.394
6 1 55 15.72 284.64 0.096 650.72 0.230 0.70 4.150 −46.209 −0.386
7 1 66 10.48 237.20 0.096 976.08 0.230 0.84 6.018 −47.180 −0.394
8 1 66 13.10 284.64 0.120 650.72 0.276 0.56 4.408 −45.656 −0.385
9 1 66 15.72 189.76 0.144 813.40 0.184 0.70 7.065 −48.570 −0.400

10 2 44 10.48 284.64 0.144 813.40 0.230 0.56 5.314 −45.503 −0.388
11 2 44 13.10 189.76 0.096 976.08 0.276 0.70 7.555 −48.173 −0.401
12 2 44 15.72 237.20 0.120 650.72 0.184 0.84 4.715 −47.923 −0.392
13 2 55 10.48 237.20 0.144 650.72 0.276 0.70 5.208 −47.175 −0.391
14 2 55 13.10 284.64 0.096 813.40 0.184 0.84 4.462 −46.276 −0.388
15 2 55 15.72 189.76 0.120 976.08 0.230 0.56 7.091 −46.712 −0.396
16 2 66 10.48 284.64 0.120 976.08 0.184 0.70 5.295 −45.533 −0.388
17 2 66 13.10 189.76 0.144 650.72 0.23 0.84 5.874 −49.213 −0.397
18 2 66 15.72 237.2 0.096 813.4 0.276 0.56 6.453 −46.663 −0.394
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Table 7. Orthogonal test scheme and calculation results of reservoir bottom backfill zone.

Scheme Empty Column ϕ0 (◦) ∆ϕ (◦) Kb m K n Rf u/cm H/cm ε/%

1 1 42.72 9.92 130.24 0.12 597.76 0.184 0.56 5.916 −47.179 −0.466
2 1 42.72 12.40 162.80 0.15 747.20 0.230 0.70 6.069 −47.133 −0.394
3 1 42.72 14.88 195.36 0.18 896.64 0.276 0.84 6.226 −47.075 −0.330
4 1 53.40 9.92 130.24 0.15 747.20 0.276 0.84 6.131 −47.146 −0.502
5 1 53.40 12.40 162.80 0.18 896.64 0.184 0.56 5.865 −47.116 −0.331
6 1 53.40 14.88 195.36 0.12 597.76 0.230 0.70 6.270 −47.027 −0.335
7 1 64.08 9.92 162.80 0.12 896.64 0.230 0.84 6.183 −47.116 −0.413
8 1 64.08 12.40 195.36 0.15 597.76 0.276 0.56 6.147 −47.067 −0.328
9 1 64.08 14.88 130.24 0.18 747.20 0.184 0.70 6.014 −47.159 −0.472

10 2 42.72 9.92 195.36 0.18 747.20 0.230 0.56 6.030 −47.126 −0.323
11 2 42.72 12.40 130.24 0.12 896.64 0.276 0.70 5.845 −47.178 −0.411
12 2 42.72 14.88 162.80 0.15 597.76 0.184 0.84 6.354 −47.040 −0.405
13 2 53.40 9.92 162.80 0.18 597.76 0.276 0.70 6.192 −47.099 −0.389
14 2 53.40 12.40 195.36 0.12 747.20 0.184 0.84 6.316 −47.044 −0.335
15 2 53.40 14.88 130.24 0.15 896.64 0.230 0.56 5.840 −47.150 −0.329
16 2 64.08 9.92 195.36 0.15 896.64 0.184 0.70 6.110 −47.101 −0.335
17 2 64.08 12.40 130.24 0.18 597.76 0.230 0.84 6.312 −47.091 −0.497
18 2 64.08 14.88 162.80 0.12 747.20 0.276 0.56 5.918 −47.154 −0.374

4.6.2. Sensitivity Analysis Based on Range Analysis Method
Range Analysis for Main Rockfill Zone

The range analysis method was used to process the results of each scheme in the three
columns u, H, and ε and in the summary table of orthogonal test results in the main rockfill
zone (Table 5). The range analysis results are shown in Table 8.

Table 8. Range analysis results of influencing factors of each test index for the main rockfill zone.

Test Index Factor ϕ0 (◦) ∆ϕ (◦) Kb m K n Rf

u

K1j 0.7852 −0.1797 −0.6370 0.0915 0.8270 0.4173 −1.6615
K2j 0.1197 −0.3033 0.2192 −0.1143 −0.1005 0.1453 0.1093
K3j −0.9048 0.4830 0.4178 0.0228 −0.7265 −0.5627 1.5522
Rj 1.6900 0.7863 1.0548 0.2058 1.5535 0.9800 3.2137

H

K1j −2.1236 −0.1038 −4.8589 −0.1516 −2.8861 −1.0113 4.1201
K2j 0.8694 −0.0143 0.2762 0.1884 0.0064 0.3981 −0.1884
K3j 1.2542 0.1181 4.5827 −0.0368 2.8797 0.6132 −3.9316
Rj 3.3778 0.2219 9.4416 0.3400 5.7658 1.6245 8.0517

ε

K1j 0.1481 −0.0124 −0.4579 −0.0421 0.0730 −0.0021 −0.1484
K2j −0.0148 −0.0308 −0.0190 −0.0066 0.0260 0.0759 −0.0476
K3j −0.1333 0.0432 0.4599 0.0487 −0.0991 −0.0738 0.1961
Rj 0.2814 0.0740 0.9178 0.0908 0.1721 0.1497 0.3445

The range analysis results of each test index u, H, and ε in the main rockfill zone were
organized, and then the range value histogram was drawn according to the range value of
each test index according to each factor, as shown in Figure 8.

As shown in Table 8 and Figure 8, during the impoundment period, the sensitivity
degree of maximum vertical displacement of dam u to indices of the Duncan–Chang E-B
model of the main rockfill zone from high to low was Rf > ϕ0 > K > Kb > n > ∆ϕ > m; the
sensitivity of maximum horizontal displacement H to indices of the Duncan–Chang E-B model
of main rockfill zone from high to low was Kb > Rf > K > ϕ0 > n > m > ∆ϕ; the sensitivity of
asphalt concrete face maximum tensile strain ε to indices of the Duncan–Chang E-B model of
main rockfill zone from high to low was Kb > Rf > ϕ0 > K > n > m > ∆ϕ.
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Figure 8. Sensitivity of each index for the main rockfill zone.

Range Analysis for Secondary Rockfill Zone

The range analysis method was used to process the results of each scheme in the three
columns u, H, and ε in the summary table of the orthogonal test results in the secondary
rockfill zone (Table 6). The range analysis results are shown in Table 9.

Table 9. Range analysis results of influencing factors on each test index for the secondary rockfill zone.

Test Index Factor ϕ0 (◦) ∆ϕ (◦) Kb m K n Rf

u

K1j 0.1394 0.1374 1.0957 0.1156 −0.5983 0.0322 0.3204
K2j −0.1253 −0.0296 −0.0138 −0.10578 0.1917 −0.1051 0.0324
K3j −0.0141 −0.1078 −1.0819 −0.0098 0.4066 0.0729 −0.3529
Rj 0.2647 0.2452 2.1776 0.2214 1.0049 0.1780 0.6733

H

K1j −0.2060 −0.1342 −1.3471 −0.1439 −0.4231 −0.1321 0.4959
K2j 0.2082 0.0038 0.0666 0.0988 −0.0992 0.1086 −0.0319
K3j −0.0022 0.1304 1.2804 0.0451 0.5223 0.0234 −0.4641
Rj 0.4142 0.2646 2.6275 0.2427 0.9454 0.2407 0.9600

ε

K1j 0.0122 0.0062 0.0619 0.0072 −0.0121 0.0047 −0.0029
K2j −0.0078 −0.0013 −0.0016 −0.0054 0.0086 −0.0061 0.0019
K3j −0.0044 −0.0049 −0.0603 −0.0018 0.0036 0.0014 0.0011
Rj 0.0200 0.0111 0.1222 0.0126 0.0207 0.0108 0.0048

The range analysis results of each test index u, H, and ε in the secondary rockfill zone
were sorted out, and then the range value histogram was drawn according to the range
value of each test index according to each factor, as shown in Figure 9.
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Figure 9. Sensitivity of each test index for the secondary rockfill zone.

As shown in Table 9 and Figure 9, during the impoundment period, the sensitivity
degree of maximum vertical displacement of dam u to indexes of secondary rockfill zone
Duncan–Chang E-B model from high to low was Kb > K > Rf > ϕ0 > ∆ϕ > m > n; the
sensitivity of maximum horizontal displacement H to indexes of Duncan–Chang E-B model
of secondary rockfill zone from high to low was Kb > Rf > K > ϕ0 > ∆ϕ > m > n; the sensitivity
of maximum tensile strain of asphalt concrete face ε to indexes of Duncan–Chang E-B model
of secondary rockfill zone from high to low was Kb > K > ϕ0 > m > ∆ϕ > n > Rf.

Range Analysis for Reservoir Bottom Backfill Zone

The range analysis method was used to process the results of each scheme in the three
columns of u, H, and ε in the summary table of orthogonal test results in the reservoir
bottom backfill zone (Table 7), and the range analysis results were shown in Table 10.

Table 10. Range analysis results of influencing factors of each test index for the reservoir bottom
backfill zone.

Test Index Factor ϕ0 (◦) ∆ϕ (◦) Kb m K n Rf

u

K1j −0.0232 −0.0029 −0.0869 −0.0219 0.1019 −0.0007 −0.1439
K2j 0.0058 −0.0042 0.0003 0.0119 −0.0169 0.0208 −0.0132
K3j 0.0174 0.0071 0.0866 0.0010 −0.0851 −0.0201 0.1571
Rj 0.0406 0.0113 0.1735 0.0338 0.1870 0.0409 0.3010

H

K1j −0.0232 −0.0029 −0.0869 −0.0219 0.1019 −0.0007 −0.1439
K2j 0.0058 −0.0042 0.0003 0.0119 −0.0169 0.0208 −0.0132
K3j 0.0174 0.0071 0.0866 0.0010 −0.0851 −0.0201 0.1571
Rj 0.0406 0.0113 0.1735 0.0338 0.1870 0.0409 0.3010

ε

K1j 0.0109 0.1734 0.5892 0.0189 0.1622 0.0342 −0.2856
K2j −0.1709 −0.0439 −0.0279 −0.0503 0.1282 −0.0528 0.0201
K3j 0.1601 −0.1294 −0.5613 0.0314 −0.2904 0.0186 0.2656
Rj 0.3310 0.3028 1.1505 0.0817 0.4526 0.0870 0.5512
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The range analysis results of each test index u, H, and ε in the reservoir bottom rockfill
zone were sorted out, and then the range value histogram was drawn according to the
range value of each test index according to each factor, as shown in Figure 10.
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As shown in Table 10 and Figure 10, during the impoundment period, the sensitivity
of maximum vertical displacement of dam u to indexes of reservoir bottom backfill zone
Duncan–Chang E-B model from high to low was Rf > K > Kb > n > ϕ0 > m > ∆ϕ; the sensitivity
of maximum horizontal displacement H to indexes of Duncan–Chang E-B model of reservoir
bottom backfill zone from high to low was Kb > Rf > K > ∆ϕ > ϕ0 > n > m; the sensitivity of
maximum tensile strain of asphalt concrete face ε to indexes of Duncan–Chang E-B model of
reservoir bottom backfill zone from high to low was Kb > Rf > K > ϕ0 > ∆ϕ > n > m.

4.6.3. Sensitivity Analysis Based on ANOVA Method

For the variance analysis of the orthogonal test results, the test level confidences were
selected α = 0.05 and α = 0.1. From the F distribution table, F0.05 (2, 3) = 16.0 and F0.1 (2, 3) = 5.46.
The significance levels of the factors were judged by comparing the calculated Fj with the earlier
values. The judgment criteria were when Fj > F0.05 (2, 3), the influence of this factor was highly
significant, and the sensitivity was high; when F0.1 (2, 3) ≤ Fj ≤ F0.05 (2, 3), the influence of this
factor was generally significant, and the sensitivity was medium; and when Fj < F0.1 (2, 3), the
influence of this factor was not significant, and the sensitivity was low.

ANOVA for Main Rockfill Zone

The results of each scheme involved u, H, and ε in the main rockfill zone orthogonal
test results (Table 5) were analyzed with the variance analysis method, and the variance
analysis results are shown in Table 11.
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Table 11. ANOVA results of influencing factors of each test index for the main rockfill zone.

Test Index Source of
Variance

Sum of Squares of
Deviations Sj

Degree of
Freedom fj

Statistics Fj Significance

u

ϕ0 8.6972 2 8.3728 Generally significant
∆ϕ 2.1455 2 2.0655 Not significant
Kb 3.7703 2 3.6297 Not significant
m 0.13179 2 0.1269 Not significant
K 7.3310 2 7.0575 Generally significant
n 3.0713 2 2.9567 Not significant
Rf 31.091 2 29.931 Highly significant

Random error 1.55812 3 – –

H

ϕ0 41.032 2 16.032 Highly significant
∆ϕ 0.1495 2 0.0584 Not significant
Kb 268.12 2 104.76 Highly significant
m 0.3590 2 0.1403 Not significant
K 99.735 2 38.969 Highly significant
n 9.3430 2 3.6501 Not significant
Rf 194.81 2 76.117 Highly significant

Random error 3.8390 3 – –

ε

ϕ0 0.2394 2 4.8606 Not significant
∆ϕ 0.0178 2 0.3618 Not significant
Kb 2.5273 2 51.310 Highly significant
m 0.0251 2 0.5105 Not significant
K 0.0950 2 1.9294 Not significant
n 0.0672 2 1.3651 Not significant
Rf 0.3764 2 7.6426 Generally significant

Random error 0.0739 3 – –

To reflect the results of the analysis, the ANOVA results for each test index were
collated, and a sensitivity size bar chart was plotted from the F value of each test index
(Figure 11). Notably, for comparison convenience, the influence value F of Kb and Rf on the
test index H was reduced by 1.5 times, as seen in Figure 11.

As shown in Table 11 and Figure 11, for the maximum vertical displacement of
dam u, the sensitivity degree of the Duncan–Chang E-B model of the main rockfill zone
parameters from high to low was Rf > ϕ0 > K > Kb > n > ∆ϕ > m. The influence of Rf was
highly significant, and the sensitivity was high; the influences of ϕ0 and K were generally
significant, and the sensitivities were medium; the influences of Kb, n, ∆ϕ, and m were not
significant, and the sensitivities were low. For the maximum horizontal displacement of
dam H, the sensitivity degree of Duncan–Chang E-B model of main rockfill zone parameters
from high to low was Kb > Rf > K > ϕ0 > n > m > ∆ϕ. The influences of Kb, Rf, K, and ϕ were
highly significant, and the sensitivities were high; the influences of n, m, and ∆ϕ were not
significant, and the sensitivities were low. For the tensile strain of asphalt concrete ε, the
sensitivity degree of the Duncan–Chang E-B model of the main rockfill zone parameters
from high to low was Kb > Rf > ϕ0 > K > n > m > ∆ϕ. The influence of Kb was highly
significant, and the sensitivity was high; the influence of Rf was generally significant, and
the sensitivity was medium; the influences of ϕ0, K, n, m, and ∆ϕ were not significant, and
the sensitivities were low.

ANOVA for Secondary Rockfill Zone

The results of each scheme involved u, H, and ε in the secondary rockfill zone’s
orthogonal test results (Table 6) were analyzed with the variance analysis method, and the
variance analysis results are shown in Table 12.
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Figure 11. ANOVA results of each parameter in the main rockfill zone to different indexes.

Table 12. ANOVA results of influencing factors of each test index for the secondary rockfill zone.

Test Index Source of
Variance

Sum of Squares of
Deviations Sj

Degree of
Freedom fj

Statistics Fj Significance

u

ϕ0 0.2119 2 1.1768 Not significant
∆ϕ 0.1882 2 1.0450 Not significant
Kb 14.228 2 79.003 Highly significant
m 0.1478 2 0.8208 Not significant
K 3.3599 2 18.656 Highly significant
n 0.1044 2 0.5797 Not significant
Rf 1.3697 2 7.6051 Generally significant

Random error 0.2701 3 – –

H

ϕ0 0.5151 2 2.0988 Not significant
∆ϕ 0.2103 2 0.8568 Not significant
Kb 20.751 2 84.557 Highly significant
m 0.19500 2 0.7945 Not significant
K 2.7696 2 11.286 Generally significant
n 0.1787 2 0.7282 Not significant
Rf 2.7740 2 11.303 Generally significant

Random error 0.3681 3 – –

ε

ϕ0 0.0014 2 2.3810 Not significant
∆ϕ 0.0004 2 0.6719 Not significant
Kb 0.0448 2 77.415 Highly significant
m 0.0005 2 0.8810 Not significant
K 0.0014 2 2.4109 Not significant
n 0.0004 2 0.6384 Not significant
Rf 0.0001 2 0.1384 Not significant

Random error 0.0009 3 – –
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To obviously reflect the results of the analysis, the ANOVA results for each test index
were collated, and a sensitivity size bar chart was plotted through the F value of each test
index (Figure 12). Notably, for comparison convenience, the influence value F of Kb on the
test index u, H, and ε was reduced three times in Figure 12.
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Figure 12. ANOVA results of each parameter in secondary rockfill zone to different indexes.

As shown in Table 12 and Figure 12, for the maximum vertical displacement of dam
u, the sensitivity degree of the Duncan–Chang E-B model of the secondary rockfill zone
parameters from high to low was Kb > K > Rf > ϕ0 > ∆ϕ > m > n. The influences of Kb and
K were highly significant, and the sensitivities were high; the influence of Rf was generally
significant, and the sensitivity was medium; the influences of ϕ0, ∆ϕ, m, and n were not
significant, and the sensitivities were low. For the maximum horizontal displacement of
dam H, the sensitivity degree of the Duncan–Chang E-B model of the secondary rockfill
zone parameters from high to low was Kb > Rf > K > ϕ0 > ∆ϕ > m > n. The influence of
Kb was highly significant, and the sensitivity was high; the influences of Rf and K were
generally significant, and the sensitivities were medium; the influences of ϕ0, ∆ϕ, m, and n
were not significant, and the sensitivities were low. For the tensile strain of asphalt concrete
ε, the sensitivity degree of the Duncan–Chang E-B model of the secondary rockfill zone
parameters from high to low was Kb > K > ϕ0 > m > ∆ϕ > n > Rf. The influence of Kb was
highly significant, and the sensitivity was high; the influences of K, ϕ0, m, ∆ϕ, n, and Rf
were not significant, and the sensitivities were low.

ANOVA for Reservoir Bottom Backfill Zone

The results of each scheme involved u, H, and ε in the reservoir bottom backfill zone
orthogonal test results (Table 6) were analyzed with the variance analysis method, and the
variance analysis results are shown in Table 13.
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Table 13. ANOVA results of influencing factors of each test index for the reservoir bottom back-
fill zone.

Test Index Source of
Variance

Sum of Squares of
Deviations Sj

Degree of
Freedom fj

Statistics Fj Significance

u

ϕ0 0.0053 2 6.7039 Generally significant
∆ϕ 0.0005 2 0.5866 Not significant
Kb 0.0903 2 115.06 Highly significant
m 0.0043 2 5.5092 Generally significant
K 0.1075 2 136.93 Highly significant
n 0.0050 2 6.3790 Generally significant
Rf 0.2734 2 348.30 Highly significant

Random error 0.0012 3 – –

H

ϕ0 0.0020 2 9.3796 Generally significant
∆ϕ 0.0025 2 12.191 Generally significant
Kb 0.0179 2 85.571 Highly significant
m 0.0003 2 1.4848 Not significant
K 0.0068 2 32.442 Highly significant
n 0.0007 2 3.2408 Not significant
Rf 0.0068 2 32.337 Highly significant

Random error 0.0003 3 – –

ε

ϕ0 0.3298 2 1.8892 Not significant
∆ϕ 0.2925 2 1.6758 Not significant
Kb 3.9780 2 22.791 Highly significant
m 0.0232 2 0.1330 Not significant
K 0.7627 2 4.3697 Not significant
n 0.0258 2 0.1478 Not significant
Rf 0.9150 2 5.2421 Not significant

Random error 0.2618 3 – –

To obviously reflect the results of the analysis, the ANOVA results for each test index
were collated, and a sensitivity size bar chart was plotted from the F value of each test
index (Figure 13). Notably, for comparison convenience, the influence value F of Kb and
m on the test index u was reduced ten times in Figure 13 and two times of Kb on the test
index H.

As shown in Table 13 and Figure 13, for the maximum vertical displacement of dam
u, the sensitivity degree of the Duncan–Chang E-B model of the reservoir bottom backfill
zone parameters from high to low was Rf > K > Kb > n > ϕ0 > m > ∆ϕ. The influences of
Rf, K, and Kb were highly significant, and the sensitivities were high; the influences of ϕ0,
n, and m were generally significant, and the sensitivities were medium; the influences of
ϕ0, ∆ϕ, m, and n were not significant, and the sensitivities were low. For the maximum
horizontal displacement of dam H, the sensitivity degree of the Duncan–Chang E-B model
of the reservoir bottom backfill zone parameters from high to low was Kb > Rf > K > ∆ϕ
> ϕ0 > n > m. The influences of Kb, K, and Rf were highly significant, and the sensitivities
were high; the influences of ∆ϕ and ϕ0 were generally significant, and the sensitivities were
medium; the influence of n and m were not significant, and the sensitivities were low. For
the tensile strain of asphalt concrete ε, the sensitivity degree of the Duncan–Chang E-B
model of the reservoir bottom backfill zone parameters from high to low was Kb > Rf > K >
ϕ0 > ∆ϕ > n > m. The influence of Kb was highly significant, and the sensitivity was high;
the influences of K, ϕ0, m, ∆ϕ, n, and Rf were not significant, and the sensitivities were low.
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Figure 13. ANOVA results of each parameter in reservoir bottom backfill zone to different indexes.

4.6.4. Comparison of Sensitivity Results of Range Analysis and ANOVA

To explore the analysis accuracy of deformation-sensitive parameters of the PSPS
asphalt concrete face dam with an orthogonal test, the results obtained by the range
analysis and variance analysis methods were compared, as shown in Table 14. The results
obtained by the variance analysis were consistent with those obtained by the range analysis,
which reflected the rationality of the sensitivity analysis results in this study to some extent.

Table 14. Sensitivity results of range analysis and ANOVA.

Zone Analysis Method u H ε

Main rockfill zone
Range analysis method Rf > ϕ0 > K > Kb > n > ∆ϕ > m Kb > Rf > K > ϕ0 > n > m > ∆ϕ Kb > Rf > ϕ0 > K > n > m > ∆ϕ

ANVOA method Rf > ϕ0 > K > Kb > n > ∆ϕ > m Kb > Rf > K > ϕ0 > n > m > ∆ϕ Kb > Rf > ϕ0 > K > n > m > ∆ϕ

Secondary rockfill zone Range analysis method Kb > K > Rf > ϕ0 > ∆ϕ > m > n Kb > Rf > K > ϕ0 > ∆ϕ > m > n Kb > K > ϕ0 > m > ∆ϕ > n > Rf
ANVOA method Kb > K > Rf > ϕ0 > ∆ϕ > m > n Kb > Rf > K > ϕ0 > ∆ϕ > m > n Kb > K > ϕ0 > m > ∆ϕ > n > Rf

Reservoir bottom backfill zone
Range analysis method Rf > K > Kb > n > ϕ0 > m > ∆ϕ Kb > Rf > K > ∆ϕ > ϕ0 > n > m Kb > Rf > K > ϕ0 > ∆ϕ > n > m

ANVOA method Rf > K > Kb > n > ϕ0 > m > ∆ϕ Kb > Rf > K > ∆ϕ > ϕ0 > n > m Kb > Rf > K > ϕ0 > ∆ϕ > n > m

5. Conclusions

To determine the sensitivity of the deformation of the ACFRD of the PSPS to the
Duncan–Chang E-B model parameters, a PSPS project in Ningxia, China, was taken as
an example. Firstly, an ACFRD deformation finite element analysis model based on the
Duncan–Chang E-B model was established, and the laws of dam horizontal displacement,
vertical displacement, and asphalt concrete face tensile strain under the conditions of
completion period and impoundment period were analyzed. Then, based on the orthogonal
test, the sensitivities of ACFRD horizontal displacement, vertical displacement, and asphalt
concrete face tensile strain to the Duncan–Chang E-B models of the main rockfill zone,
secondary rockfill zone, and reservoir bottom backfill zone were studied. Finally, the results
of the two orthogonal test sensitivity analysis methods (i.e., range analysis and ANOVA
methods) were compared to demonstrate the rationality of the sensitivity analysis results.
The major conclusions derived from this study could be summarized as follows:

1. The PSPS’s ACFRD deformation finite element analysis model based on the Duncan–
Chang E-B model could reasonably reflect the dam’s horizontal displacement, vertical
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displacement, and the tensile strain of the asphalt concrete face during the completion and
impoundment periods. The maximum vertical displacement of the dam appeared at about
half the dam’s height of the main rockfill zone in the impoundment period, which was
consistent with the actual general law, indicating the rationality of the model calculation
results. The maximum tensile strain of asphalt concrete face was 0.483%, which did not
exceed the allowable value of 0.5% in the impoundment period. Therefore, during the
operation of the dam, the asphalt concrete face was safe.

2. For the maximum vertical displacement of dam u, the sensitivity degree of the
Duncan–Chang E-B model of the main rockfill zone parameters from high to low was
Rf > ϕ0 > K > Kb > n > ∆ϕ > m, the sensitivity degree of Rf was the highest; the sensitivity
degree of the Duncan–Chang E-B model of the secondary rockfill zone parameters from
high to low was Kb > K > Rf > ϕ0 > ∆ϕ > m > n, the sensitivity degrees of Kb and K were high;
the sensitivity degree of the Duncan–Chang E-B model of the reservoir bottom backfill zone
parameters from high to low was Rf > K > Kb > n > ϕ0 > m > ∆ϕ, the sensitivity degrees of
Rf, K and Kb were highly significant, and the sensitivities were high.

3. For the maximum horizontal displacement of dam H, the sensitivity degree of the
Duncan–Chang E-B model of the main rockfill zone parameters from high to low was
Kb > Rf > K > ϕ0 > n > m > ∆ϕ, and the sensitivities of Kb, Rf, K, and ϕ0 were highly
significant, and the sensitivities were high; the sensitivity of the Duncan–Chang E-B model
of the secondary rockfill zone parameters from high to low was Kb > Rf > K > ϕ0 > ∆ϕ > m
> n, the sensitivity of Kb was the highest; the sensitivity of the Duncan–Chang E-B model of
the reservoir bottom backfill zone parameters from high to low was Kb > Rf > K > ∆ϕ > ϕ0
> n > m, the sensitivities of Kb, K and Rf were high.

4. For the tensile strain of asphalt concrete ε, the sensitivity of the Duncan–Chang E-B
model of main rockfill zone parameters from high to low was Kb > Rf > ϕ0 > K > n > m > ∆ϕ,
and the sensitivity of Kb was highly significant, and the sensitivity was high; the sensitivity
of the Duncan–Chang E-B model of secondary rockfill zone parameters from high to low
was Kb > K > ϕ0 > m > ∆ϕ > n > Rf, e the sensitivity of Kb was the highest; the sensitivity of
the Duncan–Chang E-B model of the reservoir bottom backfill zone parameters from high
to low was Kb > Rf > K > ϕ0 > ∆ϕ > n > m, the sensitivity of Kb was the highest.

5. The results of the range analysis were consistent with that of the variance analysis,
which reflected the reliability of the sensitivity analysis in this study. Therefore, Kb, Rf, and
K should be focused when analyzing PSPS’s ACFRD deformation with the Duncan–Chang
E-B model, for which values were required to be accurate. For other parameters with low
sensitivity, the engineering analogy method could be adopted to obtain the values. In
this way, even if the measured data were missed, the calculation accuracy and efficiency
could both be ensured. Furthermore, these sensitivity parameters should also be strictly
controlled during the design and construction of ACFRD.

It should be noted that the mechanical properties of asphalt concrete are greatly
affected by temperature changes. Therefore, for PSPS’s ACFRD deformation analysis in
extremely cold or hot environments, the effect of temperature needs to be considered
during modeling.
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