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Abstract: During the operational period, unexpected upstream deformation has been observed in
several super-high arch dams located in the alpine and gorge regions. In addition, the phenomenon
of the downstream dam deformation monitoring values being apparently smaller than the numerical
simulation results appears in some super-high arch dams. This paper focuses on the genetic mecha-
nism of a super-high arch dam’s special deformation characteristics. The finite element method (FEM)
was used to analyze the effects of solar radiation, valley contraction, and overhanging on super-high
arch dam’s deformation behavior. First, the influences of solar radiation on the temperature field and
deformation characteristics of the super-high arch dam under the shading effects of the mountain
and the dam body were investigated. Second, the impacts of valley contraction on the deformation
characteristics of the super-high arch dam during the storage period were studied. Subsequently,
the impact of the overhanging effect on the super-high arch dam’s deformation was explored. Fi-
nally, a case study was conducted on the basis of the Jinping I super-high arch dam to evaluate the
effectiveness of the proposed analytical method. It is indicated that the dam’s special deformation
can be explained reasonably. Above all, in order to accurately analyze and predict the deformation
characteristics of super high-arch dams in the alpine and gorge regions of Southwest China, solar
radiation, valley contraction, and the dam-overhanging effect need to be considered as influencing
factors of dam deformation.

Keywords: super-high arch dam; special deformation characteristics; solar radiation; valley
contraction; dam overhanging effect; finite element method; dam safety monitoring

MSC: 52B55

1. Introduction

Approximately 70% of China’s water resources are primarily concentrated in South-
west China. Due to the advantageous conditions for arch dam construction in the alpine and
gorge regions of Southwest China, numerous super-high arch dams have been built [1,2].
Large-scale hydropower projects offer numerous benefits, including enhancing the regula-
tion of water resources and accelerating the development of green energy. However, their
operational behavior is closely tied to national economic development and the safety of
people’s lives and property [3–5]. Certain super-high arch dams have displayed special
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deformation characteristics, such as upstream deformation tendencies that persisted during
the initial storage period of the Xiluodu super-high arch dam [6,7]. The arch dam appeared
the special phenomenon of overall upstream deformation ultimately. Similarly, during
the early storage period, the Xiaowan super-high arch dam experienced tilting towards
the upstream direction. In addition, the Jinping I super-high arch dam exhibited substan-
tial differences between the monitoring upstream deformation and numerical simulation
results [8]. Due to the enormous scale of super-high arch dams and their complex and
challenging service environments compared to conventional dams, factors that have a
minimal impact on conventional dams may significantly affect the deformation character-
istics of super-high arch dams. Additionally, some traditional dam deformation genesis
analysis methods may be useless [9,10]. The presence of special deformation behavior in
the super-high arch dams may lead to issues such as misalignment of structural parameter
inversion and errors in monitoring indicators, which can seriously undermine the reliability
and scientific rigor of dam-deformation-characteristic analysis. Therefore, it is significant to
analyze the genetic mechanism of super-high arch dam special deformation characteristics.
In order to ensure the long-term safe operation of super-high arch dams, research is needed
urgently.

In summary, the factors that lead to the special deformation characteristics of super-
high arch dams are complex. Due to the strong solar radiation typically received in the
alpine and gorge regions of Southwest China, the surface temperature of the dam body
is often elevated, which can cause deformation in the upstream direction. Jin et al. [11]
proposed a novel procedure for studying the non-uniform temperatures of arch dams, and
they considered the shading effect of the mountain and the dam itself on solar radiation.
Mirzabozorg et al. [12] simulated the thermal distribution of arch dams influenced by
solar radiation. Santillán et al. [13] took into account the shading, the curvature of the
dam’s surface, orientation, and slope when calculating the arch dam’s temperature field.
Castilho et al. [14] adopted the chemo-thermal model to simulate the thermal behavior of
the Alqueva arch dam under the influences of solar radiation and the variation in the heat
of hydration. Zhu et al. [15] simulated an arch dam’s temperature field by considering
the solar radiation received on the dam’s surface under various masking degrees. Žvanut
et al. [16] simulated the arch dam’s thermal fields by taking into account the effects of
the water level of the reservoir, spillover, insolation, and shading effects. Pan et al. [17]
proposed an arch dam temperature field reconstruction method, which considers solar
radiation, mountain shading effects, ambient temperature, and weather conditions. Based
on the reconstruction results, the thermomechanical stress of the arch dam is analyzed.
However, although the above-mentioned research considers the effect of solar radiation on
the temperature field of the arch dam, it mainly focuses on analyzing the stress changes in
the arch dam under the influence of solar radiation, and little research has been conducted
on the influence of solar radiation on the deformation characteristics of the arch dam.

Furthermore, some scholars concluded that the valley’s contraction may also affect
the deformation characteristics of super-high arch dams. Barla et al. [18] pointed out that
the change in effective stress caused by water storage leads to valley contraction. Cheng
et al. [19] and Li et al. [20] studied the influence of valley contraction on a super-high arch
dam’s deformation and built detailed mathematical models. Hu et al. [21] considered the in-
fluence of valley contraction on dam deformation when establishing the dam-deformation
prediction model. Over the past few years, many efforts have analyzed the genetic mecha-
nism and deformation characteristic of valley contraction [22–25]. Currently, there is still
a lack of studies focusing on the influence of valley contraction on super-high arch dams’
deformation characteristics.

To sum up, it can be considered that the influencing factors affecting the special
deformation characteristics of a super-high arch dam mainly include solar radiation and
valley contraction. In addition, according to the dam monitoring data, the overhanging
effect can also be considered as a factor affecting the special deformation characteristics of
a super-high arch dam, but there is still no relevant research.
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To accurately analyze the genetic mechanism of a super-high arch dam’s special
deformation in the alpine and gorge regions of Southwest China, in this paper, the de-
formation characteristics under the influence of solar radiation, valley contraction, or the
dam-overhanging effect are analyzed, respectively. On the basis of the ASHRAE (American
Society of Heating, Refrigerating and Air-Conditioning Engineers), a clear sky model, and
a ray tracing algorithm, the solar radiation received by the super-high arch dam and the
reservoir water is calculated. Then, the arch dam’s temperature field and deformation
characteristics considering the effects of solar radiation are analyzed. After studying the
valley-contraction mechanism caused by the changes in hydrological conditions of the
reservoir shores after impoundment, the super-high arch dam deformation characteristics
are calculated under the influence of valley contraction. Subsequently, the “live/dead
element” method is introduced to simulate and analyze super-high arch dams’ deformation
characteristics considering the effect of valley contraction. Finally, the genetic mechanism
of the special deformation characteristic of the Jinping I super-high arch dam is analyzed
as an example.

The remainder of this paper is organized as follows. The influence mechanisms of
solar radiation, valley contraction, and dam overhanging on a super-high arch dam’s
deformation are studied in Section 2. Additionally, the Jinping I super-high arch dam
was selected as the engineering application case, and the analysis results are discussed in
Section 3. Finally, some conclusions are drawn in Section 4.

2. Effect Mechanisms of Solar Radiation, Valley Contraction, and Dam Overhanging
on a Super-High Arch Dam’s Deformation
2.1. Numerical Analysis of a Super-High Arch Dam’s Deformation Considering the Effects of
Solar Radiation
2.1.1. Numerical Analysis of a Super-High Arch Dam Temperature Field Considering the
Effects of Solar Radiation

On the basis of the ASHRAE clear sky model and ray tracing algorithm, the solar
radiation received by the super-high arch dam and reservoir water can be calculated
accurately by considering the self-shading effect of the dam body and the mountains on
both banks [26–28]. When calculating the temperature field of the dam body, because of the
effects of the solar radiation and shading effect, which change with sunrise, sunset, seasons,
and variations in air and reservoir water temperature in daylight hours, the transient
temperature field should be used to describe the temperature variation of the super-high
arch dam. The finite element format of the transient temperature field is described as
follows [29]:

C
.
φ + Kφ = P (1)

where C is the heat capacity matrix, K is the thermal conductivity matrix, P is the tem-
perature load matrix, φ is the nodal temperature array, and

.
φ is the nodal temperature

derivative array with respect to time;
.
φ = dφ/dt.

In the rectangular coordinate system, assuming that the concrete is a homogeneous
and isotropic solid, and neglecting the adiabatic temperature rise of concrete, the heat-
conduction equation can be expressed as:

a
(

∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
=

∂T
∂t

(2)

where a represents the thermal diffusivity, a = λ/cρ, λ represents the thermal conductivity,
c represents the specific heat, ρ represents the density, t represents time, T represents
temperature, and x, y, z represent the rectangular coordinates.

At the initial time, when t = 0, the following equation can be established.

T(x, y, z, 0) = T0(x, y, z) (3)

There are three types of boundary conditions:
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(1) The first type of boundary condition:

T(t) = f (t) (4)

(2) The second type of boundary condition:

The heat flux on the concrete surface is a known function of time, which is represented
as follows.

−λ
∂T
∂n

= q (5)

where n is the outward normal direction of the surface and q is the given heat-flux density.

(3) The third type of boundary condition:

The convective heat transfer condition on the boundary is described as follows.

−λ
∂T
∂n

= β(T − Ta) (6)

where β is the surface heat transfer coefficient and Ta is the air temperature.
Based on the above analysis, the boundary conditions for the temperature-field numer-

ical simulation of the super-high arch dam in the alpine and gorge regions of Southwest
China can be classified into four types (S1–S4), as shown in Figure 1.
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Figure 1. Boundary conditions of the super-high arch dam’s temperature field.

(1) Below the water surface of dam face S1:

The interface between the reservoir water and the dam body is a convective heat
exchange between fluid and solid, which belongs to the third type of boundary condition.
However, due to the relatively large convective heat transfer coefficient between the reser-
voir water and the dam’s surface, it can also be regarded as the first type of boundary
condition:

T = TW (7)

where TW is the temperature of the reservoir water.

(2) The dam face in contact with air S2:
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The dam body surface above the water surface undergoes convective heat exchange
with the air and is influenced by solar radiation and radiative heat exchange with the
surrounding environment:

−λ
∂T
∂n

= βa(T − Ta) + CSq (8)

where λ is the thermal conductivity; n is the surface normal direction; βa is the combined
heat transfer surface coefficient of concrete in air, referred to as the surface heat transfer
coefficient later; Ta is the air temperature; q is the solar radiation intensity; and CS is
the solar radiation reduction coefficient, which is determined according to the weather
conditions.

(3) The foundation base surface S3:

The temperature of the deep ground in the foundation generally varies slightly and is
approximately constant, so the base surface can be regarded as the first type of boundary:

T(t) = T0 (9)

(4) The foundation sidewall surface S4:

It can be taken as an adiabatic boundary:

−λ
∂T
∂n

= 0 (10)

In addition, assuming good contact between the arch dam and the foundation, tem-
perature and heat flux are continuous at the interface. Therefore, it is necessary to specify
different material parameters in the numerical calculation.

2.1.2. Method for Numerical Analysis of a Super-High Arch Dam’s Temperature
Deformation Considering the Influence of Solar Radiation

According to the above analysis’s results, the variations in a super-high arch dam’s
deformation characteristics are influenced by solar radiation, mountain shading, reservoir
water temperature, air temperature, and other factors. The dam body can be modeled
based on the linear elastic constitutive model. On the basis of the theory of elasticity, the
temperature deformation of each node is equivalent to the deformation generated by the
following volume force and surface force:

The volume force is 
X = αE

1−2µ ·
∂T
∂x

Y = αE
1−2µ ·

∂T
∂y

Z = αE
1−2µ ·

∂T
∂z

(11)

The surface force is 
X = − αET

1−2µ l
Y = − αET

1−2µ m
Z = − αET

1−2µ n
(12)

The equilibrium equation for calculating the dam temperature deformation by using
finite elements is

K · δT = RT (13)

When the equivalent loads are expressed in Equations (11) and (12), the equivalent
load array for the variable temperature nodes can be expressed as follows:

RT =
αE

1− 2µ

(
n

∑
i=1

NiTi

)[
1 1 1 0 0 0

]T (14)
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where K represents the material stiffness matrix, δT represents the temperature deformation
column matrix, E represents the elastic modulus of the dam body, α represents the linear
expansion coefficient, µ represents the Poisson’s ratio, and N represents the element shape
function.

Consequently, after obtaining the temperature field of the super-high arch dam, the
temperature deformation at each node can be obtained according to Equation (13).

2.2. Numerical Analysis of a Super-High Arch Dam’s Deformation Characteristics in the Alpine
and Gorge Regions of Southwest China
2.2.1. Analysis of the Causes of Valley Contraction in the Alpine and Gorge Regions of
Southwest China for Super-High Arch Dams

Existing monitoring data indicate that the valley-contraction phenomenon appeared
during the construction of the super-high arch dam, which is mainly caused by the unload-
ing and relaxation of the excavated rock mass. The changing of hydrological conditions
near the dam after storage can also cause valley contraction. This phenomenon is the result
of the transition of the bank rock mass from unsaturated seepage to saturated seepage.
This paper mainly studies the valley contraction caused by the change in hydrological
conditions of the bank after storage [30].

(1) Deformation process of fractured rock mass due to water storage
The stratigraphy in the alpine and gorge regions of Southwest China is well developed.

There are outcrops from the Late Palaeolithic to the Cenozoic Quaternary. The stratigraphic
lithology and petrographic phases are highly variable, and all types of rocks are present
(magmatic rocks, metamorphic rocks, etc.). In central and western Yunnan, the Sichuan
Basin, and Gansu, there are many red-bedded soft rocks and Neotertiary semi-formed rock
formations, and unstable rock and soil bodies are widely distributed. The main geological
formations in the dam site area are the interlayer and intraformational staggered zone.
The general shape of the interlayer staggered zone is consistent with that of the rock-flow
layer. There are slightly steeper dips in the upstream and downstream chamber areas.
The majority of the materials in staggered zones are basalt breccia and fragments, some
of which are fractured. There is a small amount of rock debris and very little mud. The
intraformational staggered zones are developed within the lithosphere, mainly transferred
by the layer joints and partial layer structure. They are widespread, numerous, and of a
more dispersed production. Therefore, the deformation and fracture-evolution history of
steep rock slopes in the alpine and gorge regions of Southwest China are complex, and
there are many flow channels, such as fractures and pores inside in the natural state.

Rock mechanics regard the rock mass as a dual medium composed of a fracture
network and a pore medium, in which the permeability of fractures is much greater than
that of pores and is the main water-conducting channel for rock seepage. The permeability
of pores is relatively small and generally occupies a larger volume in the rock mass than
fractures, which can be regarded as the space for water storage. The development degree
of rock fractures weakens with the depth, and the degree of fracture system development
of the surface rock mass is higher due to unloading and weathering effects, which can be
generally regarded as a through network. The proportion of non-through fractures inside
the mountain increases with depth. Due to the good permeability of fractures, the flow of
reservoir water in the fracture system is relatively fast, and the groundwater level of the
bank mountain rises rapidly, which can reach the same level as the reservoir’s water level
in a short time. The entry of reservoir water into fractures changes the equilibrium state of
the surrounding rock blocks of the fractures, as shown in Figure 2. The water pressure in
the fractures generates two forces, the downward water thrust force V and the uplifting
force U, and the limit equilibrium condition of the rock block can be expressed as follows.

f = cA + f (W cos ϕ−U)−W sin ϕ−V = 0 (15)
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where W represents the weight of the rock mass; A denotes the area of the sliding surface; c
and f represent the cohesive force and friction coefficient of the sliding surface, respectively;
ϕ is the inclination angle of the sliding surface.
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In Figure 2, it can be observed that both V and U are detrimental to the stability of the
rock mass and can cause the rigid sliding block to lose balance. For a continuous medium
with the elastic-plastic constitutive law, pore water pressure may cause plastic yielding of
the rock material.

The movement velocity of reservoir water in fractures is much greater than that in
rock pores. After infiltrating the mountain, it can quickly fill larger fractures, but at this
time, the rock mass is still unsaturated, and microcracks and pores still need time to reach
saturation. During the process of transition from unsaturation to saturation, pore pressure
changes from negative to positive, effective stress decreases, and pore stability decreases.

(2) Analysis of the mechanism of influence of reservoir water pressure on reservoir
bank rock masses

Reservoir water pressure has an important impact on the mountain: one is the surface
force acting on the mountain surface, which compresses the rock mass (surface force effect);
the other is the penetration water pressure generated after entering the mountain, which
acts on various structural surfaces, causing shear displacement of structural surfaces and
rock expansion deformation (permeation pressure effect). Based on true triaxial tests on
fractured rock samples, Wu et al. [31] discovered the following deformation laws:

(1) Under the uniaxial stress state, after applying the axial load to the fractured rock
sample, the fracture will open to a certain extent. At this time, the permeation pressure
effect is greater than the surface force effect, and the sample expands and deforms.

(2) Under the triaxial stress state, when the axial pressure is low, the surface force
effect is greater than the permeation pressure effect. The sample volume decreases with the
increase in water pressure. When the axial pressure is high, the sample itself has already
developed a lot of fractures due to the initial stress state, so during the process of increasing
water pressure, the permeation pressure effect is greater than the surface force effect, and
the sample exhibits expansion deformation.

Figure 3 shows a schematic diagram of the cross-section of a typical high arch dam
valley. The stress in high mountain and canyon areas is generally high. Based on the tests
conducted by Wu et al., the shallow rock masses of the reservoir bank slope (Zone A in
Figure 3) can be approximately regarded as being under the uniaxial stress state. After
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water storage, the water pressure mainly exerts tension on structural surfaces such as
fractures, causing the rock mass to expand and deform towards the valley, resulting in
the valley contraction. Most of the rock masses inside the mountain (Zone B in Figure 3)
can be approximately regarded as being under the triaxial stress state. The long-term
deformation and fracturing-evolution history lead to the development of jointed fractures
in the rock mass. After water storage, the fracture water pressure increases, the effective
stress decreases, and tension deformation and shear deformation are prone to occur, which
also leads to valley contraction on the reservoir bank.
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(3) Unsaturated seepage–stress coupling mechanism in fractured rock masses
After the initial water storage, the rock mass of the reservoir bank will undergo a tran-

sition from unsaturated seepage to saturated seepage, causing deformation of the rock mass.
After the fractal system with different sizes and random distributions is homogenized, the
fractured rock mass can be regarded as an equivalent continuous porous medium. Under
unsaturated and non-steady flow conditions, the seepage–stress coupling mechanism of
the rock mass is described as follows.

The solid skeleton is defined as having positive tensile stress and pore pressure in the
saturated zone. The effective stress σ′ is defined as follows [30]:

σ′ = σ + αpI (16)

where σ represents the total stress; α is the Biot coefficient and α = 1− Kb/Km, where Kb is
the macroscopic bulk modulus of the solid skeleton, Km is the bulk modulus of the solid
particles (matrix); I is the unit tensor; p is the weighted average pressure, p = χuw +
(1− χ)ua; uw is the pore water pressure; ua is the pore air pressure; χ(s) is the Bishop
factor, which is related to saturation, and its value is between 0 and 1. When data are
lacking, χ can be assumed to be equal to the medium saturation s. It is assumed that the
liquid flows in a connected porous medium and the gas is connected to the atmosphere.
The gas pressure in the pore is assumed to be the same as the atmospheric pressure, with
atmospheric pressure as a reference value of zero.

The constitutive equation of the porous medium can be described as follows [32].

σ = 2Gε + λtr(ε)I − αpI (17)

where G is the shear modulus, λ is the Lamé coefficient, λ = 2vG/(1− 2v), v is the
Poisson’s ratios, and tr(ε) is the trace of the total strain tensor.
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The equilibrium equation ∇ · σ + f = 0, where only the gravity g is considered as the
body force, and the x-axis upward is defined as positive. The density of the solid–liquid
mixture is

ρm = φsρw + (1− φ)ρs (18)

f = ρmg = [φsρw + (1− φ)ρs]g (19)

where ρw is the density of water, ρs is the density of the solid matrix, s is the saturation, φ is
the porosity, and g is the gravitational acceleration that assumed to be constant.

Substitute Equations (17) and (19) into the equilibrium equation and taking partial
derivative with respect to time t.

∇ ·
[

2G
∂ε

∂t
+ λ

∂

∂t
tr(ε)I

]
− α∇ ·

(
∂p
∂t

I
)
− ∂

∂t
[φsρw + (1− φ)ρs]g = 0 (20)

Based on ε = 1
2 (u∇+∇u), Equation (20) can be expressed in index notation as:

G
∂

∂t

(
∇2ui

)
+ (G + λ)

∂

∂t
(εv,t)− α

∂

∂t

(
p,j

)
δij −

∂

∂t
[φsρw + (1− φ)ρs]gδi3 = 0 (21)

where φ, ρw, and ρs are expressed using state equations, containing five variables: p (or uw),
s, and ui (or εi).

The seepage differential equation is obtained by simultaneously solving the continuity
equation, Darcy’s law, and the state equation.

The velocity of the liquid phase relative to the solid phase is given as follows.

vrw = vw − vs (22)

The continuity equation can be written as follows.

φ
∂

∂t
(sρw) + sρw

∂φ

∂t
+∇ · (φsρwvrw) +∇ · (φsρwvs) = 0 (23)

(1− φ)
∂ρs

∂t
− ρs

∂φ

∂t
+ (1− φ)ρs∇ · vs = 0 (24)

As the product of the solid velocity vs and the scalar gradients of other variables, φ

and s—ρw is a higher-order small quantity that can be neglected. By eliminating ∂φ
∂t , the

continuity equation for water in the fluid–structure interaction can be obtained.

φ
∂

∂t
(sρw) + (1− φ)

ρws
ρs

∂ρs

∂t
+∇ · (φsρwvrw) + sρw∇ · vs = 0 (25)

In the continuity equation, the relative velocity of water vrw and the velocity gradient
of solid phase ∇ · vs exist. In order to obtain a seepage differential equation involving only
five variables—p(or uw), s, and ui(or εi)—the velocity needs to be processed separately, and
the volumetric strain is expressed as εv = εx + εy + εz = ui,i. Therefore,

∇ · vs =
∂

∂t
(∇ · us) =

∂

∂t
(
εijεij

)
=

∂εv

∂t
=

∂

∂t
(ui,i) (26)

Darcy’s law under unsaturated conditions can be described as follows [32]:

φsvrw = −KKrw

µw
(∇uw + ρwg∇z) (27)

where µw represents the viscosity or dynamic viscosity of water and is a measure of fluid
viscosity, Pa · s; K represents the absolute permeability (also known as intrinsic permeability
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or specific permeability), which is only applicable to Newtonian fluids; Krw represents the
relative permeability of liquid water under unsaturated conditions, which is a function of
saturation s.

Different material densities appearing in the continuity equation are represented by s,
ρ, and some other parameters [33].

ρw = ρw0

(
1 +

uw

Kw

)
(28)

ρs = ρs0

[
1 +

p
Km
− tr(σ′)

3(1− φ)Km

]
= ρs0

[
1 +

suw

Km
− tr(σ′)

3(1− φ)Km

]
(29)

where ρw0 represents the reference density of the liquid, ρs0 represents the reference density
of the solid, Km represents the bulk modulus of the fluid, Km represents the bulk modulus
of the solid particles (matrix), suw

Km
represents the density change induced by liquid pressure,

and tr(σ′)
3(1−φ)Km

represents the density change induced by effective stress.
The relevant derivatives in the continuity equation are given in terms of the time t

derivative with respect to p(or uw), s, and ui(or εi).

∂

∂t
(sρw) =

∂

∂t

[
Sρw0

(
1 +

uw

Kw

)]
= ρw0

(
1 +

uw

Kw

)
∂s
∂t

+
sρw0

Kw

∂uw

∂t
(30)

(1− φ)

ρs

∂ρs

∂t
=

ρs0

ρs

[
1

Km

(
1− φ− Kb

Km

)
∂p
∂t
− Kb

Km

∂εv

∂t

]
(31)

The seepage differential equation is established based on Equations (25), (27), (30)
and (31):

φρw0

(
1 + uw

Kw

)
∂s
∂t +

sφρw0
Kw

∂uw
∂t + ρwsρw0

ρsKm

(
1− φ− Kb

Km

)
· ∂p

∂t

+ ρws(ρs−ρs0)
ρs

Kb
Km

∂εv
∂t +∇ ·

[
− ρwKKrw

µw
(∇uw + ρwg∇z)

]
= 0

(32)

where
p = suw (33)

where the saturation s can be expressed by pore water pressure uw.
Therefore, it is necessary to solve four variables, namely, p(or uw) and ui(or εi), by

using four equations, including the constitutive equation of the porous medium and the
seepage differential equation, given the initial and boundary conditions.

2.2.2. Numerical Analysis of a Super-High Arch Dam’s Deformation Characteristics
Considering the Effect of Valley Contraction

Valley deformation can occur in two ways, expansion and contraction. When the
valley expands, the chord length of the arch dam increases, reflecting the effect of water
pressure on the dam shoulder. When the valley contracts, the chord length of the arch dam
decreases, reflecting the compression of the mountain on the arch dam. This causes the
dam body to deform in the upstream direction, opposite to the direction of deformation
caused by the reservoir water, resulting in radial deformation monitoring values of the
arch dam in the downstream direction being less than the theoretical calculation values. In
some engineering cases, the arch dam may even experience cumulative deformation in the
upstream direction.

In theory, the deformation caused by valley contraction acts on the contact surface
between the arch end and the dam shoulder as a surface force, resulting in changes in
the arch dam deformation and stress distribution. When using the FEM to analyze the
influence of valley contraction deformation on arch dam deformation, the continuous
spatial structure of the dam and rock foundation is discretized into a finite number of unit
structures, connected by nodes to form the entire system, and the stiffness matrices of each
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unit Kej are determined. If the calculation domain is Ω1, the overall stiffness matrix K is
given as follows.

K = ∑
ej∈Ω1

CT
ej

Kej Cej (34)

where Cej is the stiffness transformation matrix of the unit ej.
The equilibrium equation between node displacement δ and node load R is established

as follows.
K · δ = R (35)

The finite element equilibrium equation, Equation (35), can be decomposed into two
parts based on known and unknown nodal displacement as follows.[

Kuu Kus
Ksu Kss

]{
δu

δs

}
= −

{
Ra

Rr

}
(36)

Then,
δu = −K−1

uu (Ra + Kusδs)Rr = −(Ksuδu + Kssδs) (37)

where δu is the vector of unknown nodal displacements, δs is the vector of known nodal
displacements, Ra is the vector of external nodal loads, and Rr is the vector of nodal
reactions.

When calculating the deformation of the super-high arch dam, the displacement of
each boundary node in the near-dam area model is set to the displacement caused by valley
contraction deformation (u, v, w). Equation (37) is then used to obtain the super-high arch
dam’s deformation under the influence of valley contraction.

2.3. Numerical Analysis of a Super-High Arch Dam’s Deformation Considering the Effects of the
Dam-Overhanging Effect
2.3.1. Analysis of the Overhanging Effects of Super-High Arch Dams

For a hyperbolic arch dam, the upstream face of the dam cannot remain vertical due to
the variations in the radii and central angles or the curve parameters of the upper and lower
arch rings. If the upper dam face protrudes beyond the lower dam face, an overhanging of
the arch dam is formed. The ratio of the horizontal distance between the upper and lower
levels and their height difference is called the degree of overhanging. Figure 4a shows a
schematic diagram of the arch crown beam profile of a hyperbolic arch dam, where point
A is the convex point of the upstream face curve and point B is the intersection of the
upstream face curve and the foundation surface—assuming that the coordinates of points
A and B in the Cartesian coordinate system are (xA, yA) and (xB, yB), respectively. The
degree of inversion can be expressed as follows.

S =

∣∣∣∣ xA − xB
yA − yB

∣∣∣∣ (38)

The dam-overhanging effect is closely related to the height of dam concrete pouring
and the elevation of grouting for sealing the arch. In the upper part of the dam, the inverted
arch effect causes downstream deformation (Figure 4b), and in the lower part, it causes
upstream deformation (Figure 4c). The overhanging effect can improve the stress state
at the dam’s heel to some extent, but the degree of overhanging should not be too large,
generally not exceeding 0.3.



Mathematics 2023, 11, 1753 12 of 29

Mathematics 2023, 11, x FOR PEER REVIEW 13 of 31 
 

 

2.3. Numerical Analysis of a Super-High Arch Dam’s Deformation Considering the Effects of the 

Dam-Overhanging Effect 

2.3.1. Analysis of the Overhanging Effects of Super-High Arch Dams 

For a hyperbolic arch dam, the upstream face of the dam cannot remain vertical due 

to the variations in the radii and central angles or the curve parameters of the upper and 

lower arch rings. If the upper dam face protrudes beyond the lower dam face, an over-

hanging of the arch dam is formed. The ratio of the horizontal distance between the upper 

and lower levels and their height difference is called the degree of overhanging. Figure 4a 

shows a schematic diagram of the arch crown beam profile of a hyperbolic arch dam, 

where point A is the convex point of the upstream face curve and point B is the intersec-

tion of the upstream face curve and the foundation surface—assuming that the coordi-

nates of points A and B in the Cartesian coordinate system are ( ),A Ax y  and ( ),B Bx y , 

respectively. The degree of inversion can be expressed as follows. 

A B

A B

x x
S

y y

−
=

−
 (38) 

 

Figure 4. Dam-overhanging effect of the double-curvature arch dam. 

The dam-overhanging effect is closely related to the height of dam concrete pouring 

and the elevation of grouting for sealing the arch. In the upper part of the dam, the in-

verted arch effect causes downstream deformation (Figure 4b), and in the lower part, it 

causes upstream deformation (Figure 4c). The overhanging effect can improve the stress 

state at the dam’s heel to some extent, but the degree of overhanging should not be too 

large, generally not exceeding 0.3. 

The dam-overhanging effect mainly occurs during the construction period. For hy-

perbolic arch dams of medium and low heights, deformation monitoring instruments are 

installed after grouting, by which time the overhanging effect has been basically released. 

Therefore, there is a lack of monitoring data to analyze the effect of the overhanging effect 

on the deformation state of the arch dam. However, in the alpine and gorge regions of 

Southwest China, super-high arch dams are built in stages, and deformation monitoring 

instruments are installed earlier. For example, the plumb-line monitoring instruments for 

the Xiluodu super-high arch dam were installed during the dam construction period, with 

the typical time nodes shown in Figure 5. In addition, the Xiaowan arch dam was com-

pleted in March 2010, and the plumb line began to be monitored on 14 December 2008. 

Due to the huge size of the super-high arch dams, the values of the dam-overhanging 

effects of super-high arch dams are larger than the values of medium and low-height arch 

A

B

(a) Arch crown beam profile (c) Overhanging towards upstream

(b) Overhanging towards downstream

Figure 4. Dam-overhanging effect of the double-curvature arch dam.

The dam-overhanging effect mainly occurs during the construction period. For hy-
perbolic arch dams of medium and low heights, deformation monitoring instruments are
installed after grouting, by which time the overhanging effect has been basically released.
Therefore, there is a lack of monitoring data to analyze the effect of the overhanging effect
on the deformation state of the arch dam. However, in the alpine and gorge regions of
Southwest China, super-high arch dams are built in stages, and deformation monitoring
instruments are installed earlier. For example, the plumb-line monitoring instruments
for the Xiluodu super-high arch dam were installed during the dam construction period,
with the typical time nodes shown in Figure 5. In addition, the Xiaowan arch dam was
completed in March 2010, and the plumb line began to be monitored on 14 December 2008.
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Figure 5. Comparison of monitoring and construction progress of Xiluodu arch dam.

Due to the huge size of the super-high arch dams, the values of the dam-overhanging
effects of super-high arch dams are larger than the values of medium and low-height arch
dams. Therefore, the dam-overhanging effects are more significant in super-high arch dams
than in medium- and low-height arch dams. The plumb-line monitoring instruments were
installed earlier, which can monitor the residual overhanging effect of the dam body and
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provide conditions for analyzing the influence of the dam-overhanging effect on super-high
arch dams’ deformation characteristics.

2.3.2. Numerical Analysis of a Super-High Arch Dam’s Deformation Characteristics by
Considering the Effects of Dam Overhanging

Due to the enormous volume of concrete required for the construction of super-high
arch dams, the dam body is typically divided into thousands of pouring compartments and
dozens of grouting zones. The horizontal arches and transverse joints divide each section
into independent cantilever beam structures, which are then reformed into a complete
structure after grouting. Therefore, the pouring height, grouting height, and transverse
joint status all have an impact on the deformation behavior of the dam body. In order to
accurately analyze the influence of the dam-overhanging effect on the super-high arch
dam’s deformation, it is necessary to simulate the construction process and conduct finite
element analysis.

When using finite element software to analyze the influence of dam-overhanging
effects on the deformation behavior of super-high arch dams, the birth and death element
method is commonly used [34,35]. First, an overall finite element model is established
based on the actual pouring blocks and transverse joints, with thin layer elements used for
the transverse joints. Before starting the calculation, all the elements are “killed”; i.e., the
stiffness or other analysis characteristic matrices are multiplied by a very small factor, and
the loads, mass, damping, and other similar parameters are set to zero. Then, following
the actual pouring and grouting process, new elements of the dam body are activated one
by one. The element parameters are restored to their original values, and the previously
poured elements remain active and participate in the calculation. Repeat the above steps
until the dam body is completely poured and obtain the calculation results of the super-high
arch dam under the influence of the dam-overhanging effect.

3. Case Study

The Jinping I project consists of a reinforced concrete hyperbolic arch dam, a down-
stream water cushion reservoir, a spillway tunnel on the right bank, and an underground
powerhouse in the middle of the right bank. The height of the hyperbolic arch dam is
3050 m, and the normal water level of the reservoir is 1880 m. The dead water level is
1800 m. The storage capacity below the normal water level is 7.76 billion cubic meters,
and the regulation capacity is 4.91 billion cubic meters, which is classified as an annual
regulated reservoir.

To monitor the real-time deformation of the arch dam during its construction, deforma-
tion monitoring instruments were installed on the dam. Using plumb lines, the horizontal
deformation of the dam body was monitored, and a total of 43 vertical deformation moni-
toring points were installed at the top of the dam at elevations of 1829, 1778, 1730, 1664,
and 1601 m on sections 1#, 5#, 9#, 11#, 13#, 16#, 19#, and 23# of the dam. The plumb
lines PL1-1 to PL23-3 were used to monitor the horizontal deformation of the dam body,
and the inverted plumb lines IP5-1 to IP19-1 were used to monitor the horizontal defor-
mation of the dam foundation. These plumb-line monitoring points were all connected
to automation systems, and during normal operation, abnormal monitoring values were
infrequent. However, during the construction and initial storage period, the proportion
of sudden jump data was relatively high due to various construction factors. Figure 6
shows the three-dimensional schematic of the arch dam project. The dam deformation
under the influences of solar radiation, valley contraction, and the overhanging effect was
numerically simulated and analyzed by using the aforementioned theories and the FEM.
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3.1. Analysis of the Influences of Solar Radiation on the Arch Dam Deformation Characteristics
3.1.1. 3D Finite Element Model of Jinping I Arch Dam

Primarily, the finite element model for analyzing the effect of solar radiation was
established. The model extended 1500 m upstream, downstream, toward the left bank, and
toward the right bank from the crown beam of the super-high arch dam, and 1200 m below
the dam foundation. The model adopted eight-node quadratic tetrahedral elements, with a
total of 95,255 elements and 110,648 nodes, of which 51,083 were dam body elements. The
horizontal and vertical sizes of the mesh for the dam body elements were both 9 to 10 m,
and the horizontal and vertical sizes of the mesh for the foundation elements gradually
changed from 100 to 10 m from bottom to top. The coordinate origin was set to the midpoint
of the foundation surface of the crown beam, with the tangential direction pointing towards
the left bank as positive, the radial direction toward downstream as positive, and the
vertical direction towards upward as positive. The model accurately depicts the shape of
the arch dam, slope excavation, surrounding mountain shape, etc., in order to calculate the
shading range in real-time based on the ray-tracing method. The finite element model of
the super-high arch dam is shown in Figures 6 and 7.
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dam. (a) Dam upstream surface. (b) Dam downstream surface.

As the area of the downstream water body is relatively small and is less affected by
solar radiation, the focus of the analysis should be on the upstream water body. Figure 8
shows the finite element model used to calculate the effect of solar radiation on the water
body, and the shading effect of the surrounding mountains must also be considered during
the numerical calculation.
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Figure 8. Finite element model for calculating the effect of solar radiation on reservoir water.

3.1.2. Numerical Calculation Results of Temperature and Deformation Fields of the Jinping
I Super-High Arch Dam

Based on the calculated shading information, it can be inferred that in winter, only a
small area on the downstream face of the dam on the left bank is exposed to sunlight at
noon, and the upstream reservoir is only exposed to direct sunlight for a short period in the
afternoon. The calculations show that the impact of solar radiation in winter is negligible.
In summer, the left bank of the downstream face of the dam is strongly exposed to sunlight,
and the upstream water surface is exposed to direct sunlight for a long time, resulting in a
significant impact of solar radiation in summer.

Figure 9 shows a cross-sectional view of the dam’s temperature field after being
exposed to sunlight on the summer solstice under clear weather conditions. It can be seen
that solar radiation causes the dam’s surface temperature to rise by 2 to 3 ◦C, and some
areas even increase by 4 to 5 ◦C. Solar radiation mainly affects the temperature of the dam’s
surface. Figure 10 illustrates the temperature field of the dam under the influence of solar
radiation on the summer solstice under clear weather conditions. It can be seen that the
left bank of the downstream face of the dam experiences a significant temperature increase
under the influence of solar radiation.
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Figure 9. The temperature fields of the arch crown beam on a summer solstice day. (a) Consideration
of solar radiation. (b) Without consideration of solar radiation.
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Figure 10. Temperature field of the arch dam influenced by the solar radiation during one day in
summer.

After the sun sets, as the temperature decreases, the dam begins to release heat, causing
the surface temperature of the dam to drop. However, in the summer, when temperatures
are high, the heat absorbed by the dam’s surface during the day cannot be completely
released at night, and continuous clear weather can cause a cumulative increase in the dam’s
surface temperature. Figure 11 shows the temperature curve of the downstream left bank
of the dam during five consecutive sunny days in summer. It can be seen in the figure that
as the absolute temperature of the dam’s surface increases and the temperature difference
from the environment increases, more heat is released at night, ultimately forming an
equilibrium state.
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Figure 11. The surface temperature of the arch dam during five days in summer.

In summer, the upstream water body is significantly affected by solar radiation, and
the temperature of the water surface increases due to heat absorption, which affects the
nearby dam body. Figure 12 shows the impact of water temperature correction on the
dam temperature field. It can be observed that after the water temperature correction, the
temperature of the dam’s surface near the top increases to a certain extent.
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Figure 12. The impact of summer water temperature correction on the temperature field of the arch
dam. (a) Without consideration of solar radiation. (b) Consideration of solar radiation.
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The dam temperature increased by 2 to 5 ◦C and the dam deformed by 0.42 mm
towards the upstream in summer in clear weather conditions. As shown in Figure 13, the
deformation center was biased towards the left bank due to the strong solar radiation on
the left bank. The deformation caused by solar radiation of a whole day was relatively
small, but under the influence of continuous clear weather, the maximum deformation
caused by solar radiation was 3.87 mm towards the upstream part of the dam, as shown in
Figure 14.
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Figure 13. Radial deformation field of the dam caused by solar radiation during a whole day in
summer.
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Figure 14. Dam annual cumulative radial deformation caused by solar radiation.

Finally, the temperature and deformation fields of the dam body in summer, which are
jointly affected by air temperature, water temperature, and solar radiation, are shown in
Figure 15. The maximal deformation occurred at the arch crown beam, alongside upstream
deformation of 12.61 mm. The effect of solar radiation accounted for one-third of the
total deformation, when the maximum upstream deformation was 3.87 mm, indicating a
significant influence of solar radiation. Considering the significant seasonal variability of
solar radiation, its effect on the dam body can be ignored during winter due to the shading
effect of the mountain.
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Figure 15. Radial deformation field of the dam caused by summer air temperature, water temperature,
and solar radiation.

3.2. Analysis of the Influence of Valley Contraction on a Super-High Arch Dam’s Deformation in
the Alpine and Gorge Regions in Southwest China
3.2.1. 3D Finite Element Model of Jinping I Arch Dam

The finite element model was established to analyze the impact of valley contraction
on the dam’s deformation, as shown in Figures 16 and 17. The model extended 1810 m
upstream, downstream, left, and right from the arch crown beam of the special high arch
dam. Note that 1500 m below was the dam’s foundation. The model involved eight-node
hexahedral elements, for a total of 88,144 elements and 97,659 nodes, of which 5248 were
dam elements. The horizontal and vertical sizes of the mesh of dam elements were 9 to
10 m, and the horizontal and vertical sizes of the mesh of foundation elements gradually
decreased from 100 to 10 m from bottom to top. The model considers the shape of the
nearby mountain, the anti-seepage curtain, and the drainage system of the resisting body.
The coordinate origin was set to the midpoint of the arch crown beam foundation, with
the tangential direction pointing towards the right bank as positive, the radial direction
pointing towards the downstream as positive, and the vertical direction pointing upwards
as positive. At the same time, it can be observed in Figure 18 that the body size of the
arch dam is relatively small compared to the two mountain slopes. Therefore, in the alpine
and gorge regions of Southwest China, the deformation of the valley’s contraction and its
squeezing effect on the dam body will be significant.
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Figure 16. The finite element model of the super-high arch dam. (a) The finite element model of the
mountain in the vicinity of the dam and the dam body. (b) The finite element model of the dam and
its foundation.
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Figure 17. The finite element model of dam and the left-bank cushion.
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Figure 18. Numerical calculation results of riverbed cross-sectional pore pressure.

3.2.2. Analysis of the Pore Pressure of a Super-High Arch Dam under Normal
Storage Conditions

Finite element numerical calculation was conducted to analyze the pore pressure of
the super-high arch dam under normal storage conditions. As shown in Figure 18, the
pore pressure in the riverbed cross section is highest in the upper mountain and deep
foundation, reaching megapascal levels. However, the pore pressure in the upper mountain
is negative, as there is no seepage of reservoir water, and the pore pressure in the deep
foundation is positive. In addition, within the elevation range of the dam body, the pore
pressure in the upstream rock is greater than that in the downstream rock, which is caused
by the direction of internal seepage in the mountain from upstream to downstream due to
the large difference between the upstream and downstream water levels.

3.2.3. Numerical Calculation Results of Rock Saturation Degree for the Jinping I Arch Dam

The numerical calculation results of rock-mass saturation at the dam section, curtain
section, right bank section, and left bank section of the special high arch dam under normal
storage level are shown in Figures 19–22. It can be observed that the rock-mass saturation
in the upper mountain and deep foundation is relatively high, reaching several tens of
percent. The saturation of the upper mountain is mainly affected by rainfall infiltration
and seepage from the upstream side, and the deep foundation is mainly affected by the
reservoir’s water level. The saturation of the rock mass in the curtain and the left bank is
generally low, and that in the right bank is relatively high, which is related to the geological
conditions and seepage characteristics of the dam site.
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Figure 19. Numerical calculation results of rock-mass saturation at dam site cross-section.

Mathematics 2023, 11, x FOR PEER REVIEW 22 of 31 
 

 

of percent. The saturation of the upper mountain is mainly affected by rainfall infiltration 

and seepage from the upstream side, and the deep foundation is mainly affected by the 

reservoir’s water level. The saturation of the rock mass in the curtain and the left bank is 

generally low, and that in the right bank is relatively high, which is related to the geolog-

ical conditions and seepage characteristics of the dam site. 

 

Figure 19. Numerical calculation results of rock-mass saturation at dam site cross-section. 

 

Figure 20. Numerical calculation results of rock-mass saturation at curtain section. 

 

1.00

0.80

0.60

0.40

0.20

0.00

Degree of 

saturation

1.00

0.80

0.60

0.40

0.20

0.00

Degree of 

saturation

1.00

0.80

0.60

0.40

0.20

0.00

Degree of 

saturation

UpstreamDownstream

Figure 20. Numerical calculation results of rock-mass saturation at curtain section.
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Figure 21. Numerical calculation results of rock-mass saturation in the right bank section.
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Figure 22. Numerical calculation results of rock-mass saturation in the left bank section.

In Figures 19–22, it can be observed that the groundwater levels on the left- and
right-bank mountains are relatively low, and the seepage direction is towards the interior
of the mountains. The seepage direction inside the mountain is from upstream to down-
stream, and there is seepage around the base of the dam. Furthermore, by comparing
Figures 19 and 22, it can be seen that the impermeable curtain has a strong effect on inter-
cepting seepage and significantly affects the saturation degree of the rock mass. When the
impermeable curtain is installed, the rock mass above the curtain in the area near the dam
is in a non-saturated state, and the rock mass below the foundation is in a saturated state.

The actual water storage process of the special high arch dam is divided into four
stages. In the first stage, the reservoir’s water level rose from 1650 m (elevation, hereinafter
the same) to 1707 m. In the second stage, the reservoir’s water level rose to 1800 m. In the
third stage, the reservoir’s water level rose to 1840 m, but the water level dropped back to
1800 m after water storage was completed. The fourth stage saw the reservoir’s water level
rise from 1800 to 1880 m. In this paper, the third and fourth stages were combined as the
third stage, and the saturation degree of the rock mass at the arch crown beam section was
calculated for each stage, as shown in Figures 23–25.
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Figure 23. Numerical calculation results of the saturation degree of the first stage of the arch dam’s
spillway section (water level: 1707 m).
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Figure 24. Numerical calculation results of the saturation degree of the second stage of the arch dam’s
spillway section (water level: 1800 m).
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Figure 25. Numerical calculation results of the saturation degree of the third stage of the arch dam’s
spillway section (water level: 1880 m).

According to Figures 23–25, the saturation of upstream rock mass is greatly influenced
by fluctuations in the water level of reservoir—the rock mass near the shore transitions from
unsaturated to saturated during the reservoir filling process. In contrast, the saturation of
downstream rock mass is less affected by water level fluctuations due to the relatively large
hydraulic gradient in the seepage-overflow zone of the dam shoulders and downstream of
the dam, which is due to the presence of an impermeable curtain and drainage holes in
the dam.

3.2.4. Analysis of the Influence of Valley Contraction on a Super-High Arch
Dam’s Deformation

Before the construction of the super-high arch dam, a relatively stable seepage field
and deformation behavior of the rock mass have already formed in the river channel and on
both sides of the mountain. However, after the dam is filled with water, a new seepage field
will be formed, resulting in corresponding valley contraction. Numerical calculations were
carried out to obtain the tangential and vertical deformation of the valley under normal
storage conditions of the super-high arch dam, as shown in Figures 26 and 27, respectively.
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Figure 26. Numerical calculation results of the valley’s tangential deformation.
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Figure 27. Numerical calculation results of the valley’s vertical deformation.

In Figure 26, it can be observed that after impoundment, the river valley undergoes
contraction deformation under the influence of seepage: the left bank deforms towards
the right bank by 15.23 mm maximally, and the right bank deforms towards the left
bank by 12.68 mm maximally. The amount of contraction deformation in the upstream
valley is much greater than that in the downstream valley, and the amount of contraction
deformation in the rock mass near the reservoir’s water level in the upstream is greater
than that at other elevations. Monitoring data from the project show that the maximum
contraction deformation of the valley near the dam axis at an elevation of 1930 m was about
34 mm in 2018, and the value found in this paper is slightly smaller than the monitoring
value, considering that the monitoring value may include other factors, such as rock creep,
that cause valley contraction.

The rock mass at the reservoir bank undergoes contraction deformation in the hor-
izontal direction and upward deformation in the vertical direction due to the transition
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from the unsaturated to saturated state, as shown in Figure 27. When comparing Figure 26
with Figure 27, it can be found that the rock-mass areas with greater deformation in the
horizontal and vertical directions are essentially coincident, indicating that the reservoir-
bank mountain has a strong tendency towards outward deformation under the influence of
seepage, which is manifested as an expansion deformation.

Valley contraction will exert a strong squeezing effect on a super-high arch dam.
The influence of valley contraction deformation on a super-high arch dam’s deformation
was calculated based on the FEM, and those of the radial deformation of the super-high
arch dam and the radial deformation of the arch’s crown beam section are shown in
Figures 28 and 29, respectively.
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Figure 28. Numerical calculation results of radial deformation field of the dam influenced by valley
contraction.
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Figure 29. Numerical calculation results of arch crown beam radial deformation influenced by valley
contraction.

In Figures 28 and 29, it can be seen that the radial deformation field of the dam is
symmetrically distributed along the arch beam. The upper part of the dam deforms in the
upstream direction, and the maximal deformation occurred at the top of the arch beam,
reaching 13.09 mm. The radial deformation of the dam caused by the valley’s contraction is
opposite to the dam deformation caused by the reservoir water’s thrust, which partially
explains the problem of miscalculated deformation monitoring data of some super-high
arch dams in the alpine and gorge regions in Southwest China.
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3.3. Analysis of the Influence of Dam-Overhanging Effect on a Super-High Arch Dam’s
Deformation in the Alpine and Gorge regions of Southwest China
3.3.1. 3D Finite Element Model of the Jinping I Arch Dam

The finite element model for analyzing the overhanging effect was established. A
layered and block-by-block approach to apply self-weight for simulating the actual con-
struction process was used. The finite element model is shown in Figure 30. The model had
43,761 nodes and 36,240 elements. Thin-layer elements were used to simulate the transverse
joints. In the calculation process, the various layers of elements were activated sequentially.
The positive direction of the tangential direction was towards the right bank, the positive
direction of the radial direction was towards the downstream, and the positive direction
of the vertical direction was upwards. The side and upper and lower faces of the dam
foundation were subject to normal constraints, and the bottom face was fully constrained.
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3.3.2. Numerical Calculation Results of the Influence of the Overhanging Effect on the
Super-High Arch Dam’s Deformation

Based on the pouring progress data from 23 October 2009 to 23 December 2013, the
self-weight load was applied, and the elastic modulus of the dam body and the deformation
modulus of the dam foundation were obtained through laboratory tests. Then, the defor-
mation of the dam body under the influence of the overhanging effect was calculated. The
radial, tangential, and vertical deformation of the dam body are shown in Figures 31–33.
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Figure 31. Radial deformation of the super-high arch dam.
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Figure 32. Tangential deformation of the super-high arch dam.
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Figure 33. Vertical deformation of the super-high arch dam.

The main factors affecting the deformation behavior of a super-high arch dam during
construction are water level, temperature, aging, pouring elevation, and grouting elevation.
In order to gain a deeper understanding of the influence of the overhanging effect on a
super-high arch dam’s deformation, only the pouring elevation and grouting elevation
were considered as influencing factors by applying only self-weight load. After analyzing
Figures 31–33, it can be concluded that:

(1) Radial deformation was mainly upward in the upstream direction. The maximal
deformation occurred near the arch beam elevation on the dam’s upstream surface,
reaching 12.22 mm. The dam’s downstream surface near the spillway orifice had
deformation in the downstream direction with a maximum value of 2.47 mm.

(2) Tangential deformation of the super-high arch dam was relatively small. Due to the
compressive effect, the lower-left-bank dam deformed towards the left bank, and the
right-bank dam deformed towards the right bank. The deformation directions in the
upper dam were opposite to those of the lower dam: the left-bank dam deformed
towards the right bank, and the right-bank dam deformed towards the left bank.

(3) Due to the self-weight load, the deformation direction was downwards. The vertical
deformation near the arch beam’s elevation on the dam’s upstream surface and the
spillway orifice on the dam’s downstream surface was relatively large, reaching nearly
20 mm.

The results of finite element calculations verified the content described in Section 2.3.
The overhanging effect can affect the deformation behavior of the super-high arch dam,
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producing radial deformation towards the upstream direction overall. However, in actual
engineering, the monitoring instruments are installed after the dam has been poured to a
certain elevation, and the actual monitoring data cannot reach the precision of 12 mm. The
hanging effect of the arch dam reflected in the measured data still needs specific analysis
based on the installation time, location of monitoring instruments, and pouring progress of
the dam during construction.

Although some scholars have simulated the dam’s temperature field by considering
solar radiation [11,13], most of them only focused on the uneven temperature distribution
on the surface of a high arch dam. Then, they studied the unfavorable stress and cracks
caused by solar radiation during construction and operation periods. Therefore, these
studies did not comprehensively analyze the dam deformation characteristics under the
influence of solar radiation. The numerical calculation and analysis results in this work
can clearly reflect solar radiation’s effects on a super-high arch dam’s deformation char-
acteristics, which can be used to partially explain the genetic mechanism of the special
deformation of the super-high arch dam in the alpine and gorge regions of Southwest
China. Most studies took the deformation mechanism of valley contraction as the major
work, but few studies discussed the mechanism of influence of valley contraction on dam
deformation. Hu et al. [21] simply assumed that the relationship between dam deformation
and valley width narrow is linear. The above research work in this paper analyzed and
quantified the influences of valley contraction on dam deformation characteristics in detail.
At present, there is little research focused on the influence of the overhanging effect on
super-high arch dams’ deformation characteristics. Based on the birth and death element
method, the dam deformation behavior under the influence of overhanging effect during
the construction period was calculated in this paper. The numerical simulation results
can be applied in the analysis and quantification of the effect of overhanging effect on a
super-high arch dam’s deformation.

4. Conclusions

To ensure the safe operation of super-high arch dams in the alpine and gorge regions
of Southwest China, this study took into account the unique climatic and topographic
conditions of the regions and combined them with the construction characteristics of super-
high arch dams to analyze the effects of solar radiation, valley contraction, and overhanging
effects on the dam deformation characteristics using the FEM. We proposed a numerical
calculation method to analyze the deformation characteristics of super-high arch dams
under the influence of the above factors. The effectiveness of the research method was
verified by applying it to the Jinping I super-high arch dam. Some conclusions can be
drawn as follows:

(1) Based on the consideration of the influences of solar radiation on dam temperature
and reservoir water temperature, the numerical analysis method of a super-high arch
dam’s temperature fields and deformation fields considering the influence of solar
radiation was proposed.

(2) After analyzing the genesis mechanism of valley contraction from the perspective of
the coupling of seepage-stress fields, the numerical analysis method of super-high
arch dam deformation characteristics under the influence of valley contraction was
studied.

(3) This study analyzed the overhanging effect on the super-high arch dam and proposed
a numerical calculation method for the influence of the overhanging effect on the
super-high arch dam’s deformation behavior. The calculation results show that the
overhanging effect will have a certain impact on the deformation of the arch dam.

(4) The finite element models which were used to analyze the effects of solar radiation,
valley contraction, and overhanging effect on the dam deformation characteristics
were established. After taking Jinping I super-high arch dam as an example, we
concluded that all of the above factors have an impact on the dam deformation to
some extent. The research results are supposed to provide a new way to analyze the
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causes of super-high arch dam special deformation in the alpine and gorge regions of
Southwest China.
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