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ABSTRACT  
This article uses the finite element software ABAQUS to establish a three-dimensional finite 
element model based on the overflow dam section 12 # ~15 # and surface outlet dam section 
of the Chushandian gravity dam. The stress and displacement distribution of the 12 # ~15 # 
dam section of the Chushandian gravity dam under normal water storage level are analyzed; 
On this basis, modal analysis is conducted on the 12 # ~15 # dam section to study the impact 
of the dam's own modal conditions on the normal operation of the dam. The research shows 
that: (1) Under the condition of normal height water level, there is a small tensile stress at the 
dam heel, and the compressive stress at the dam toe is within the normal range. There is 
significant stress at the intersection of the upper curved part of the overflow dam and the 
transverse joint. The dam body strength meets the requirements and can be considered safe 
for the reservoir. (2) Modal analysis of the model reveals that significant deformation can occur 
at the right side of the dam crest during lower frequency vibrations. With the increasing 
frequency, the easily deformed parts of the dam are still at the top of the dam, and the 
displacement of the easily deformed parts is increasing. The position of the easily deformed 
parts is moving along the Dam axis, and the deformation direction of the easily deformed parts 
will change regularly.  
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1 Introduction 
 
Gravity dams are usually large concrete 
structures, characterized by low tensile 
strength, high compressive strength, and 
susceptibility to cracking. In addition, gravity 
dams are generally not equipped with steel 
bars. Once tensile stress occurs in certain 
parts of the dam, it depends on the strength 
of the material to withstand it[1-4]. There are 
many examples of dam failures, such as the 
Khadkawasla Dam and Panshet Reservoir[5], 
which have resulted in downstream reservoir 
failures due to upstream reservoir failures. 
After the dam failure of the upstream 
reservoir, all the accumulated water in the 
upstream reservoir flows into the 
downstream reservoir, and the downstream 
reservoir is damaged by a huge force due to 

its lower flood discharge capacity than the 
upstream[6]. In 1997, due to the impact of 
heavy rainfall, Shanxi Province also 
experienced a situation where the upstream 
reservoir collapsed, causing the downstream 
Pingtou Reservoir to overflow and 
subsequently collapse. The dam accident [7] 
has had a huge impact on downstream 
people, resulting in a decrease in population, 
stagnant economic development, and an 
increase in unemployment, as shown in 
Figures 1 and 2. Because the consequences 
of a dam failure are particularly serious, 
studying the stress distribution and stability 
of a gravity dam is of great significance for 
the normal operation and downstream of the 
dam. 
 



 

 

 
Figure 1 Banqiao Reservoir Crash 
 

 
Figure 2 St. Francis Dam Break 
 
The stress analysis of gravity dams in 
current design specifications adopts the 
method of material mechanics[8]. The 
material mechanics method ignores the 
influence of foundation deformation and 
different materials in different parts of the 
dam body when considering the stress of the 
dam body. In addition, the material 
mechanics method adopts many 
assumptions, resulting in a significant 
difference between the calculated stress and 
the actual situation. Since the 1960s, the 
emergence of finite element method has 
made up for the shortcomings of material 
mechanics method, greatly reducing the 
phenomenon of inconsistency between 
calculation and actual situation. When the 
geological conditions of the dam are 
complex or the materials in different parts of 
the dam body are different, finite element 
methods can be used for boundary 
treatment and material zoning. The finite 

element method, combined with computer 
calculations, can visually observe the stress 
distribution of the entire dam section and 
provide reliable constructive suggestions for 
the construction of the dam. The 
combination of finite element method and 
computer use has made finite element 
simulation analysis the preferred method for 
studying gravity dams. 
Based on this, this paper, based on 
ABAQUS software and finite element 
method, conducts finite element modeling 
analysis on the typical dam section of 
Chushandian gravity dam located in Xinyang 
City, and analyzes its stress, displacement 
distribution and dam vibration under the 
condition of normal height water level. 
Finally, it conducts anti sliding stability safety 
analysis on the 15 # dam section. Through 
finite element analysis, it is possible to 
understand the stress and stability of typical 
sections of the Shandian gravity dam, and to 
provide constructive suggestions for the 
structure of the dam. 
 
2 Fundamental theory 
 
2.1 Basic concepts of finite element 
method 
 
As a multidisciplinary comprehensive 
development and integration method, it has 
been widely applied in engineering 
construction. As a general numerical 
calculation method, although it integrates 
mechanics, mathematics, physics and other 
aspects, its expression is worth learning [10]. 
The finite element method is a specific 
calculation of elastic theory and a method 
that can be visually represented numerically. 
It can be combined with computer programs 
to flexibly handle boundary conditions of 
different low-quality and terrain. From this, 
many valuable software can be developed, 



 

 

such as ABAQUS and ANSYS. Moreover, 
the finite element method can provide 
feedback that is closer to the actual situation 
and the specific distribution of stress inside 
the dam body. It can also be calculated to 
find and display the position of the highest 
value, which has important reference value 
for designers [9]. In this method, the 
continuum is divided into blocks of elements, 
and forces are transmitted between each 
element through one node after another. 
Roughly list the interpolation forms for 
solving physical quantities within the unit 
body, and select an unknown parameter on 
a finite number of nodes to represent it[10].  

 
2.2 Basic equations of elasticity 
 
During the construction of the pipeline, it is 
easy to collapse and collapse pits in the 
shallow part. Through the finite element 
method, elasticity provides the principle and 
method of calculation for solving. Elasticity is 
closely related to finite element method. The 
answer to elasticity is a general answer to 
practical problems in elasticity. The finite 
element solution is a concrete answer to 
practical elastic mechanics problems[11]. 
When using finite element software to solve 
practical objects, the equations of elasticity 
are first used, and then the equations in 
actual situations are calculated and solved. 
The differential unit body is shown in Figure 
3, and the three basic equations of the 
elastic mechanics method are obtained as 
follows: 

 
Figure 3 Differential Unit Body 

(1) Equilibrium differential equation 
The equilibrium differential equation mainly 
considers the static equilibrium of various 
micro elements inside an object, 
establishing the relationship between 
internal stress and external physical force. 
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(2) Geometric equation 
The geometric equation mainly considers 
the relationship between the differential units 
inside the object. 
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(3) Physical equation 
The physical equation considers the 
condition of consistent stress and strain 
among the differential elements inside the 
object. 
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2.3 Basic Principles of Finite Element 
Method 
 
When using the finite element method to 
solve, the continuum should first be 
discretized into a finite number of differential 
elements, and then the basic equations of 



 

 

elasticity should be used to create the 
relationship between various physical 
quantities and node displacements within 
the differential elements. After synthesizing 
the overall stiffness, the virtual work principle 
is used to introduce boundary conditions for 
solution [12]. 
Basic quantities in finite element method: 

  T
d u v w    (5) 

 
T

x y z xy yz zx          (6) 
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Basic steps of finite element method: 
 (1) Discretization of structure: the object is 
transformed into a small unit in a 
decentralized state through the division of 
differential units. And it is believed that the 
medium for transmitting force between each 
differential element is a node by node. 
 (2) Unit analysis: The main content of unit 
analysis is to establish the relationship 
between the basic quantities of differential 
units. The relationship between various 
physical quantities is as follows: 
① Unit displacement mode 

{ } [ ]{ }ed N  (8) 

② Unit strain 

{ } [ ]{ }eB  (9) 

③ Unit stress 

{ } [ ][ ]{ } [ ]{ }e eD B S    (10) 

Where, [ ]B represents the element geometric 
matrix, [ ]D represents the element elastic 
matrix, and [ ]S represents the element stress 

matrix. 
④ According to the principle of virtual work, 
node forces can be expressed as: 

{ } [ ]{ }e eF k  (11) 

[ ] [ ][ ] [ ]Tk B D B dxdydz (12) 

⑤ Equivalent node load 

  [ ] { } [ ] { } [ ] { }e T T T
lF N Q N P dA N P dV  

(13) 
where, [ ]N represents the shape function,
{ }Q represents the displacement of 

concentrated force towards the node, { }P   

represents the displacement of surface force 
towards the node, and { }P represents the 
displacement of physical force towards the 
node. 
(3) Overall analysis 
The overall analysis is conducted on a finite 
element composed whole, mainly involving 
the introduction of edges, the synthesis of 
total stiffness, and the establishment of a 
system of overall equilibrium equations. The 
overall equilibrium equation system is as 
follows: 
k F  (14) 
(4) Solving the System of Global Equilibrium 
Equations 
 
3 Engineering examples 
 
3.1 Project Overview 
 
The Chushandian Dam is in the construction 
period, so it only needs to consider that the 
upstream is at the normal height water level. 
The elevation of normal height water level is 
88m. The research object of this study is the 
barrage section of the Chushandian gravity 
dam, which is a type of gravity dam. The 
elevation of the dam foundation is 65m. The 
research dam section is from 12 # to 15 #. 
The crest elevation of dam sections 12 # and 
13 # is 83m. The floor elevation of the 
bottom outlet inlet gate of dam sections 14 # 
and 15 # is 75m. The crest elevation of dam 
section 12 # ~15 # is 100.3m. The total 
length of dam sections 12 # ~15 # is 79.95m 
(including joint width). The main material 
models of the dam body include C20, C25 
concrete, etc. 



 

 

3.2 Model parameters and model 
establishment 
 
Taking the typical overflow dam section 12 # 
~15 # of Chushandian Reservoir as the 
research object, the dam section has a 
height of 35.3m and a length of 79.95m. To 
minimize the impact of boundary conditions 
on the simulation results of the dam body, a 
sufficiently large foundation should be 
selected for finite element analysis. The 
simulation range of the foundation is shown 
in Figure 4, which extends horizontally from 
the dam heel and toe to the upstream and 
downstream by 2.5 times the dam height. 
Extend the dam height by two times 
vertically from the dam foundation surface 
downwards. The Dam axis is extended 2.5 
times the dam height. The finite element 
model element is C3D8R, with a total of 
1877 nodes and 3699 elements. The elastic 
moduli of the dam body and foundation are 
24GPa and 22.5GPa, with densities of 
2400kg/m3 and 2600 kg/m3, and Poisson's 
ratios of 0.167 and 0.25, respectively. 
 

 
Figure 4 Finite element model diagram 
 
3.3 boundary condition 
 
(1) The foundation part of the dam model is 
completely fixed. (2) Due to the construction 
period of the dam, there is no hydrostatic 
pressure downstream of the dam. (3) The 
upstream of the dam body is subjected to 
hydrostatic pressure, while the downstream 
dam foundation is considered to have uplift 
pressure. (4) The working condition of 
normal height water level (the elevation of 
normal height water level is 88m, and the 
elevation of dam foundation is 65m) is 
selected as the calculation condition. 
 
3.4 Analysis of numerical simulation 
results 
 

3.4.1 Stress analysis 

 
The first principal stress cloud diagram of 
the dam is shown in Figures 5 and 6. From 
Figures 5 and 6, it can be seen that the 
maximum stress is located in the overflow 
dam section. In the overflow dam section, 
the stress concentration part is located at 
the junction of the transverse joint and the 
upper curve section of the overflow dam 
surface. In addition, there is also a 
phenomenon of stress concentration at the 
heel of the dam, but there is no obvious 
overflow in the dam section. There is no 
tensile stress zone at the dam heel, which 
meets the stress requirements. Overall, the 
overall stress of the dam is relatively small, 
mostly not exceeding 1MPa. Only in the 
overflow dam section and the dam heel area 
did significant stress occur, but the 
maximum value at both locations was 
19MPa. 19MPa is less than the compressive 
strength of the material. There is a small 
compressive stress at the toe of the dam, 
with a value of 1.1 MPa, which is much 
smaller than the compressive strength of the 
material. The maximum principal stress is 
located at the joint between the transverse 
joint of the overflow dam section and the 
upper curve, which is a dangerous area. The 
minimum value is located at the crest of the 
dam section. It can be seen from the stress 
diagram as a whole that the stress of the 
dam body is small under the condition of 
normal height water level, which meets the 
strength requirements of materials. The dam 
is in a safe state as a whole. 
 

 
Figure 5 Cloud Chart of the First Principal 
Stress on the Upstream Face of the Dam 
 

 
Figure 6 Cloud Chart of the First Principal 
Stress on the Downstream Face of the Dam 
 



 

 

3.4.2 Displacement analysis 

 
The displacement cloud map of the dam is 
shown in Figure 7. From Figure 7, it can be 
seen that the overall displacement of the 
dam is in the range of 10-2. The maximum 
displacement position is located in the 
overflow dam section. The displacement of 
the overflow dam section decreases 
sequentially from the top to the bottom. The 
value at the dam crest is 35mm. The 
displacement of the surface hole dam 
section also decreases from top to bottom, 
with a maximum displacement of 23mm. The 
displacement of the dam foundation is the 
smallest and close to zero. The direction of 
displacement under static load is all 
rightward displacement. The displacement 
of the dam from the top to the bottom 
exhibits a clear zoning phenomenon. The 
crest of the overflow dam section is the most 
easily damaged part of the dam body, but 
considering its maximum displacement 
value of 35mm, it meets the displacement 
requirements. Therefore, it is only necessary 
to monitor and reinforce the dam crest area. 
From the overall displacement distribution 
diagram of the dam, it can be seen that the 
dam is in a safe state. 
 

 
Figure 7 Cloud Map of Dam Displacement 
 
3.4.3 Modal result analysis 
In the visualization module, the first ten 
modal diagrams of the model are shown in 
Figures 8 to 17. 
 

 
Figure 8 First order 
 

 
Figure 9 Second order 
 

 
Figure 10 Third order 
 

 
Figure 11 Fourth order 
 

 
Figure 12 Fifth Order 
 

 
Figure 13 Sixth order 
 

 
Figure 14 Seventh order 
 



 

 

 
Figure 15 Eighth order 
 

 
Figure 16 Ninth order 
 

 
Figure 17 Tenth order 
 
From Figures 8 to 17, it can be seen that the 
color changes in the first order vibration 
mode diagram indicate that at the lowest 
vibration frequency, that is, at the first order, 
the most obvious deformation is at the right 
most part of the dam crest. When the 
vibration frequency is low, the top part of the 
dam on the right side of the dam responds 
more significantly to the first order vibration 
frequency, and the deformation of the top 
part on the right side of the dam is more 
severe; In the second-order vibration mode 
diagram, the area with significant 
deformation of the dam is still on the right 
side of the dam top, indicating that the area 
on the right side of the dam top still has a 
significant response to the second-order 
vibration frequency, but the deformation is 
more severe than in the first-order vibration 
mode diagram; In the third order vibration 
mode diagram, the dam with large 
deformation is still at the dam crest, but the 
position with obvious response moves to the 
left of the dam Dam axis; In the fourth order 
vibration mode diagram, the deformation 
part of the dam is the same as the third 
order, but the degree of deformation has 
increased; In the seventh order vibration 
mode diagram, at the seventh order 
vibration frequency, the most obvious 
response part is still at the top of the dam, 
but it has twisted from the previous 

backwater side to the upstream side. The 
most obvious response part in the 
subsequent eighth, ninth, and tenth order 
vibration mode diagrams is still on the 
upstream side of the dam top. After 
observing the first to tenth order vibration 
mode diagrams, the following pattern was 
found: in the gravity dam model, the large 
deformation parts of the dam mainly occur at 
the top of the dam; As the vibration 
frequency increases, the deformation 
becomes more and more severe; With the 
increase of frequency, the easily deformed 
parts are constantly changing along the Dam 
axis. Specifically, in the first to sixth order 
mode shapes, with the increase of vibration 
frequency, the deformed parts gradually 
move from the dam crest on the right side of 
the model to the left side of the dam crest, 
and the displacement of the deformed parts 
is constantly increased to the left. In the sixth 
to seventh order mode shapes, the easily 
deformed parts move from the left side of the 
dam to the right side of the dam, And the 
direction of the deformation part has 
changed from displacement to displacement 
to the right. In the seventh to tenth order 
vibration mode diagrams, the moving part 
has moved again from the right side of the 
dam to the left side of the dam, and the 
direction of the deformation part continues to 
increase the displacement to the right. 
In summary, under external excitation, 
cracks are most likely to occur at the top of 
the dam, which is prone to significant 
response phenomena at lower frequencies. 
Therefore, it is necessary to pay special 
attention to the cracking situation at the top 
of the dam and the reinforcement of the top 
of the dam; Although the natural vibration 
phenomenon of the dam is not easy to 
detect, it is real; Under the excitation of 
certain external frequencies, the 
phenomenon of response at the top of the 
dam is significantly higher than that at the 
bottom of the dam; The response position at 
the top of the dam will constantly change 
back and forth on the upstream and 
downstream sides with the continuous 
change of frequency. At this time, the 
displacement direction at the deformation 
point is also constantly changing, and the 
degree of deformation gradually increases 
with the increase of frequency. 
 
4 Conclusion 
 
The conclusions are as follows: 
(1) Under the condition of normal height 



 

 

water level, there is a small tensile stress at 
the dam heel, and the compressive stress at 
the dam toe is within the normal range. 
There is significant stress at the intersection 
of the upper curved part of the overflow dam 
and the transverse joint. The dam body 
strength meets the requirements and can be 
considered safe for the reservoir. 
 (2) Modal analysis of the model reveals that 
significant deformation can occur at the right 
side of the dam crest during lower frequency 
vibrations. With the increasing frequency, 
the easily deformed parts of the dam are still 
at the top of the dam, and the displacement 
of the easily deformed parts is increasing, 
and the position of the easily deformed parts 
is moving along the Dam axis, and the 
deformation direction of the easily deformed 
parts will change regularly. 
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