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Abstract: Gravity dams serve as critical infrastructure for water storage, flood control, and
energy generation. Ensuring their structural integrity under seismic loading is essential for
safeguarding lives, property, and the environment against the catastrophic consequences of dam
failure. This study discusses the seismic response of the concrete gravity dam that was given the
earthquake and hydrostatic forces using ABAQUS, which was validated with the experimental result
from Hai-tao et al. study. In this case, four main variables, such as mesh size, dam gradient, dam
width, and earthquake’s peak due to Koyna earthquake in Mumbai, India are evaluated to compare
the response of the dam under seismic response. The result shows larger gradient can be used to
reduce stress on the dam's neck, a larger gradient on the dam's neck can have a negative impact
because the majority of stress is distributed on the bottom part of the dam. In addition, varying the
width of the dam's structure offers a potential solution to decrease stress on its lower section.
However, as the width increases, tensile damage tendencies shift towards the upstream face, which
is unfavorable. This indicates a heightened risk of the dam's susceptibility to fracture during

earthquakes.

Keywords: Gravity dam; ABAQUS; seismic loading; stress response.

1. Introduction

Modern manufacturer infrastructure must undergo
various computations to prevent the structure from
collapsing. The demands to be assessed before
constructing the structure include how long the structure
can withstand pressure, the design of the structure, the
height of the structure, the material required, and other
factors. The computation is required to keep the building
from collapsing due to usage or external influences such
as a natural catastrophe. Natural disasters, including
geological, biological, and mechanical processes, are all
around us. Earthquakes are one of the natural calamities
that impact human lives and the infrastructure around us?.
Low-frequency, high-impact catastrophes such as
earthquakes and tsunamis are unavoidable yet can result
in significant human casualties. Natural catastrophes kill

around 45,000 individuals worldwide per year, accounting
for roughly 0.1% of global mortality during the previous
decade?. That is one of the reasons why the infrastructure
around us, such as gravity dams, must be calculated to
avoid the influence from increasing.

A gravity dam is a structure built across a stream or
river that uses the weight of the material against the
foundation to oppose the pressure of the water pushing
against it¥. The function is to hold water and then use it to
control flooding, store water, and generate electricity,
which is a significant support for developing clean energy.
The seismic behavior of concrete gravity dams has been a
prominent area of research for many years, primarily due
to concerns about dam safety during earthquakes*>. These
high concrete gravity dams are considered critical
infrastructures, and their failure due to seismic activity
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could result in substantial loss of life and significant
property damage?.

The collapse of dams results in a catastrophic event
marked by the sudden discharge of water, posing
significant concerns both economically and in terms of
fatalities”®. The literature contains numerous instances of
concrete dams experiencing varying degrees of damage
from earthquakes, such as the Koyna gravity dam during
the Koyna earthquake in 1967, the Hsinfengking dam
during the China earthquake in 1962, and the Shih-Gang
Dam during the Chi-Chi earthquake in 1999°). Therefore,
it's crucial to thoroughly analyze their response to seismic
activity and ensure their safety!'®!D.

Assessing the seismic vulnerability of concrete gravity
dams is a complex task. Researchers globally have utilized
various numerical modeling'>'¥ and experimental
approaches '3 to study their seismic response, drawing
insights from existing literature. Additionally, specialized
software tools have been developed for evaluating the
structural integrity of these dams, with many employing
Finite Element Analysis (FEA)'®!®, Researchers have
explored the earthquake-induced damage response of
concrete gravity dams, considering the interaction
between the dam and reservoir. They have compared the
solutions provided by the Westergaard and Lagrangian
methods for dam-reservoir interaction and examined how
varying the viscous damping ratio affects dam damage
response'®. Additionally, Omidi et al. evaluated the
seismic cracking of concrete gravity dams using a plastic-
damage model, considering different damping
mechanism??).

According to prior research, the gravity dam's
acceleration reaction during the Koyna earthquake near
the dam crest was lessened when the strain rate impact
was taken into account’’). The study found the
acceleration and displacement response from seismic
simulation, with variations of 0.4g, 0.6g, 0.7g, and 0.8g,
using a gravity dam as the model and the Koyna
earthquake. The purpose of the model's development was
to ascertain how strain rate affected the gravity dam's peak
fluctuation during an earthquake. Nevertheless, the
aforementioned prior study did not address fluctuations in
the dam's breadth and gradient.

While the previous study provided valuable insights
into the behavior of gravity dams under seismic loading,
it primarily focused on strain rate effects, leaving gaps in
our understanding regarding the influence of dam
geometry. By incorporating gradient and width variations
into the analysis, this research aims to fill this gap and
provide a more comprehensive understanding of the
factors influencing dam response to earthquakes.

This study uses advanced finite element analysis
techniques (ABAQUS software)?? to consider a range of
variables, including mesh size, dam gradient, dam width,
and earthquake intensity. By simulating the historic
Koyna earthquake of 1967, which serves as a
representative seismic event, this research provides

valuable insights into the seismic vulnerability of concrete
gravity dams under realistic loading conditions.

Overall, this study represents a significant step forward
in dam engineering and seismic risk assessment, offering
actionable insights that can help mitigate the potential
consequences of seismic events on critical infrastructure
and ensure the long-term safety and resilience of concrete
gravity dams.

2. Earthquake: engineering perspective

An earthquake is the shaking of the earth's surface
resulting from a sudden release of energy in the earth’s
lithosphere that creates seismic waves??. Earthquakes can
range in intensity from weak earthquakes that cannot be
felt to those earthquakes that can destroy lots of structures
and take human life. Earthquakes are natural disasters
resulting in huge losses of lives and properties around
them. Since there is no way to prevent earthquakes in our
lives, the design of structures and industrial developments
must follow the possible types of earthquakes?®.
Earthquakes can occur far from the land, and their effects
appear as severe shaking to the infrastructure on land. On
the other hand, earthquakes can occur just beneath
industrial zones or nearby vital infrastructure such as
gravity dams®¥.

As the impact of earthquakes is huge, engineers have
started to study and analyze the impact and prevention of
earthquakes on structures, which is called earthquake
engineering. It is an interdisciplinary branch of
engineering that designs and analyzes structures with
earthquakes in mind, such as buildings, bridges, and dams.
This scientific field’s objectives are protecting society and
the environment from earthquakes by limiting the seismic
risk to socio-economically acceptable levels®®. Designing
and ensuring that the structure can hold the forces caused
by earthquakes does not necessarily have to be extremely
strong and expensive?®). It has to be properly designed to
withstand earthquake damage while sustaining an
acceptable level of damage while maintaining the cost of
making the structure?”. To ensure the structures' design
can hold the earthquake forces, engineers conduct some
assessments that are performed experimentally or
analytically.

Experimental evaluations are tests typically conducted
by placing a scaled structure model on a shake test table
that simulates the earthquake. These experiments were
first performed more than a century ago and recently have
become possible to perform 1:1 scale on full structures®®.
Even though the experimental evaluation is easier to
analyze, the cost of building the scaled structure and
executing the shake test table is expensive. Engineers tend
to use experimental tests for understanding the seismic
behavior of structures, validating models, and verifying
analysis methods?”. Therefore, computational models and
numerical procedures are more effective than
experimental procedures.
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The analytical or numerical assessment utilizes detailed
structure modeling with structural analysis methods to
better understand structures' earthquake performance.
This method is based on structural dynamics, which
covers the behavior of a structure subjected to dynamic
loading, such as earthquakes. The first earthquake
simulation was performed by statically applying
horizontal inertia forces based on scaled peak ground
acceleration (PGA) or the maximum ground acceleration
that occurred during the earthquake events to a
mathematical model of a structure’®. Earthquake
simulations on structures are used to define the damage
that occurred on the structure, such as stress, displacement,
and tensile damage on the structure, where the damage
results are usually used to obtain earthquake loss
estimation®). Earthquake loss estimation is usually
defined as Damage Ratio (DR), which is a ratio of the
earthquake damage repair cost to the total value of a
building.

3. Dam’s structure and development

Dam’s purpose is to hold the pressure from the water
for a very long time. Since hydrostatic pressure has a
bigger value as the water gets deeper, the dam designer
has to calculate the pressure that will be applied to the
dam’s back surface’?33). The dam’s structure will look like
a right triangle from the side view. The reason behind that
is as the depth of the water gets deeper, the hydrostatic
pressure will get bigger, and the dam’s structure at the
bottom will have a longer surface to hold the hydrostatic
pressure. The simulation will use Koyna dam as the dam’s
structure design, which has a water level of 91.72 m.
Therefore, the hydrostatic pressure at the bottom of the
gravity dam can be obtained from the Eq. 1.

Py=pxgxh @)

where Pj, is hydrostatic pressure, p is density of water,
g is the gravity of earth, and % is the water level at the
gravity dam.

Hydrostatic pressure

Uplift pressure

Fig. 1: Working forces on a dam design3?.

where H is the height of dam, /4 is the height of water
surface, b is the base width of the profile from no tension
criteria, a is top width provided, f'is free board, 4/ is the
depth up to which vertical upstream face is provided, /42
is the height of upstream batter from the base, x = a/x1 is
the width of upstream batter, 43 is the height of
downstream sloping face from the base, y = a/yl is the
base width reduced in the downstream, wi, w2, w3 is
weight of dam, w4, w5 is weight of water supported by
upstream face.

Figure. 1 shows the hydrostatic pressure applied to the
dam’s structure. As a gravity dam is designed so that its
weight and thickness can hold the pressure applied to the
structure, the downstream face will usually be a uniform
slope, which, if extended, would intersect the vertical
upstream face. This is also why the downstream face has
to be thicker as it gets to the bottom. The purpose of it is
to hold the hydrostatic pressure that is applying bigger
forces as it gets to the bottom of the dam’s structure. The
upstream face will normally be vertical to concentrate
most of the dam’s weight near the upstream face to
overcome tensile stress due to the reservoir water loading.
At the same time, thickness is also an important factor in
resisting sliding and can dictate the slope on the
downstream face.

As hydrostatic pressure is applied on the dam's
upstream face, another external force will affect the
gravity dam's development. Uplift pressure is an external
force applied on the bottom part of the gravity dam. This
pressure happens when the water stored on the dam's
upstream face enters the pores, fissures, and cracks of the
foundation material under pressure, where it also enters
the joint between the dam and the foundation itself. This
uplift pressure creates a hydraulic gradient between the
dam's upstream and downstream face, causing vertical
upward pressure that will work against the dam's weight.
As the uplift pressure will reduce the effective weight of
the gravity dam, engineers have to calculate the effect of
the uplift pressure so that the gravity dam still has the
stability to hold hydrostatic pressure with its natural
weight.

Linear softening

Softening part

Fig. 2: Working forces on a dam design’¥.

The majority of the dam’s material is concrete, so it is
important to know the nonlinear behavior of concrete
under tension and compression load, as shown in Fig. 2.
Concrete under compressive load experiences a linear
behavior first until the elastic strain (€easic), as the load
increases, the concrete gets into the hardening part which
continues up to the peak strain (g,ca) as the concrete
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reaches the maximum strength. After increasing the load,
concrete starts to be softened until the ultimate strain
(Eurimare) completely collapses®). These parameters are
calculated in Egs. 2-4%9;

_ 11
Eelastic ™ } EL (2)
4 m-current X
Epeak™ 3 E Feelastic 1 = 1.2 (3)
Gi© .
Eultimate ™ 2 hoictrrent +gpeak i=12 (4)

where fcis the uniaxial compressive strength of
concrete, Gi“ is the current compressive fracture energy of
concrete, oi®"" is the current compressive strength in the
direction 7, and #is the crack bandwidth, which is
calculated with the value # = \24 (4) is the total area of
computational control volume). The equivalent uniaxial

stress-strain relation in compression is expressed in Eq.
535)'

Ee;

. 2
fe & &j-¢, ;

Je 1 + 4 i _ 2 i~€elastic

3 Epeak-Eelastic EpeakEelastic

2
gewrrent 1_( Ei-Epeak )
1 . -
Eultimate~€peak

\ 0 )

Eelastic < & <0
gpeak < & < Eelastic
Eultimate < & < 8peak
& < Eultimate

amonoton[c —

)

While concrete under pure tension, according to Fig.
2(b), it supposed that the stress-strain relation is entirely
linear, so the uniaxial tension strength increases until the
critical strain (&,) and then starts to decrease until
maximum strain (&mqx), Which is calculated by Eqs. 6 & 7.

Eep= E (6)
26k
o= (7

where f; is the uniaxial tension strength of concrete and
G; is the mode 1 fracture energy. The equivalent uniaxial

stress-strain relation in tension is calculated by using Eq.
837).

Es;
i
. 2 8cr 2 8[ 2 0
oproretone =3 1 (S Y b e 281 (8)
‘»‘m;)x"»‘cr & = Emax

4. Benchmark particulars

4.1 Profile of the experiment

Finite element analysis is widely utilized in various
applications to investigate the behavior of a system or
construction®®3?. The benchmark of this study used
ABAQUS software?? to analyze the seismic response of
gravity dam with strain rate effect. Using two types of
models, one considering strain rate and the other model
without considering strain rate. This study also used a
variation on the earthquake’s peak to obtain the influence
of concrete strain rate on seismic response under different
peak accelerations. The results of this study used
displacement and acceleration graphics from each model
and the earthquake’s peak. This graphic was then used to
compare to obtain validation for this paper. The
benchmark simulation used strain rate consideration to
find the strain rate's influence on the gravity dam's seismic
response and the strain rate setting in the properties
section of ABAQUS software’”. As the simulation
eliminates the influence of the dam foundation, the
boundary condition on the stress of the dam body, the
foundation extends down 1.5 times the dam height from
the bottom of the dam'?.

4.2 Current setting and results

The model that is used in the reference journal
simulation is divided into eight nodes hexahedron linear
reduction integral element (C3D8R) available in
ABAQUS software??, in which there are 15.200 units of
the dam body and 21.660 units of foundation with a total
of 39958 nodes with material properties of Koyna Dam is
shown in Table 1. The load applied to the model includes
static and seismic. The dam’s weight and water pressure
on the dam’s upstream face are static loads, whereas the
horizontal and vertical accelerations of earthquakes are
defined as the seismic load and applied on the bottom part
of the dam. The seismic load refers to a real accident in
1967 where the Koyna dam suffered 6.7 magnitude
earthquake, the epicenter distance was 13 km, and the
water level in the front of the dam was 91.7 m. So, the
measured seismic wave of the Koyna dam under the
earthquake disaster was used in the model. The horizontal
peak acceleration selected 0.67g, 0.474g, 0.60g, 0.70g,
and 0.80g, while the vertical acceleration peak
corresponded to 0.15g, 0.24g, 0.312g, 0.39g, 0.46g, and
0.53g.

Figure. 3 and 4 show the displacement and acceleration
comparison between the benchmark results and the
current results to validate this recent work. Model I (Fig.
3) is the model without considering strain rate. Meanwhile,
model II (Fig. 4) considered the concrete strain rate. It can
be concluded that the current works successfully
presented similar results compared to the provided data by
Hai-tao et al.'?. The time when maximum displacement
occurred was found to be similar to Model I; the time
range is summarized between 4 to 6 s. The most similar
pattern was taken from horizontal and vertical
displacements under 0.474g. A similar pattern was also
observed in model II, where the peak displacement
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occurred in the 3 to 7 s range. Both the horizontal and
vertical directions of this model suggested satisfaction,

which is the methodology of this work, which can be used

further to investigate parameter influences on the
structural behaviors under seismic loading.

Table 1. Material properties of Koyna dam, as refereed in Hai-tao et al.'?)

Elastic

Static compressive

Static tensile

Time (s)

(©)

Poi ’ ti Densi
Geometries modulus msso?)s ratio (k:;:l?)’ strength strength
(GPa) (MPa) (MPa)
Dam Body 31.2 0.2 2642 20.26 1.59
Bedrock 30.0 0.2 2600 -
0.04

e 0.005
E E
= 0.02 &

2 < 0.000
Q (]

=) g ! 4

2 0.00 g -0.005
= =
@ -0.02 -4

A A -0.010

-0.04 20.015

0 2 4 6 8 10 0 2 4 6 8 10
Time (s) Time (s)
(a) (b)

0.06 __ 001
B g

= 0.04 = 0.005
S 0.02 5

5 E o0
g 0 g

2 00 2. -0.005
a A

-0.04 -0.01

Time (s)

(d)

Fig. 3: (a). Horizontal displacement comparison under 0.474g (Model I); (b). Vertical displacement comparison under 0.474g
(Model I); (c). Horizontal displacement comparison under 0.8g (Model I); and (d). Vertical displacement comparison under 0.8g
(Model I). The grey lines are pioneer works of Hai-tao et al.!? and the red lines are provided based on the current study.
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0.04
g
= 0.02
5
E 0
ks
2 -0.02
)

-0.04

Time (s)
©

0.01

0.005

-0.005

Displacement (m)

-0.01

-0.015

Time (s)

(d)

Fig. 4: (a). Horizontal displacement comparison under 0.474g (Model II); (b). Vertical displacement comparison under 0.474g
(Model II); (c). Horizontal displacement comparison under 0.8g (Model II); and (d). Vertical displacement comparison under 0.8g
(Model ). The grey lines are pioneer works of Hai-tao et al.'?, and the red lines are provided based on the current study.

5. Method

5.1 Material and geometry

This simulation used concrete as the material of the
gravity dam. The purpose of using concrete as the material
for gravity dams is because of its density since gravity
dams are massive dams composed of a large volume of
concrete that holds a large amount of water. Therefore,
gravity dams need to bear their own weight. Properties
from the concrete have been input for the gravity dam
analysis using ABAQUS?>#-4Y_ The static calculation
parameters utilized in the model are provided in Table 1 ,
as referred in Hai-tao et al.'?, and the concrete strength of
the dam body is measured by uniaxial tension and uniaxial
compressive strength at quasi-static strain rate, with the
linear elastic model being applied. The properties module
gives a plastic-damage model of the concrete solid part
and allows you to input strain rate data. When the element
is compressed, the yield stress, inelastic strain, and strain
rate are entered into the properties module. When the
element is tensioned, the yield stress, cracking strain, and
strain rate are entered.

The geometry of the dam model uses ABAQUS
software, using the model from the Koyna Dam located in
Mumbai, India. The dam has a 103 m height and 91.72 m

water level as shown in Fig. 5.
- | o1ae

= 70.0 —=|

103.0 r

iy
a
d:e.», e
&)

:P%
)

Fig. 5: Gravity dam model

5.2 Boundary condition and FE setting

If a boundary condition is not provided that is
comparable to the actual structure, the result may change

and yield different forces than those in reality*?, Two
main loads are applied to the dam’s structure in this case.
As the dam uses weight to hold upstream water, gravity
plays an important role. Therefore, the first load applied
to the dam’s structure is gravity load with 9.81 m/s?
acceleration on the Y axis. The second load is hydrostatic
pressure applied at the dam's upstream face. As the dam's
water level is 91.72 m, the hydrostatic pressure is 900068
N/m? applied at the bottom upstream face of the dam. Two
boundary conditions are applied to the dam’s structure.
The first is earthquake forces, divided into horizontal and
vertical acceleration applied at the bottom of the dam. The
next boundary condition is displacement/rotation on the X
and Y axes applied on the dam's bottom part. Figure. 6
shows the load and boundary conditions of this simulation.

(b)

(d)
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Fig. 6: Load and boundary condition scheme: (a) gravity
load; (b) hydrostatic pressure; (c) displacement/rotation on the
x and y axis; (d) horizontal earthquake acceleration; (e) vertical
earthquake acceleration.

5.3 Scenario variation

There are two variations related to the dam’s structure
design: width and gradient variation. A gravity dam's
geometry selection, including width and gradient, can
significantly influence its strength under seismic loads.
The width of the dam base and the slope gradient impact
its stability and resistance to overturning against sliding
during seismic events. Also, the width and gradient of the
dam influence its dynamic response to seismic waves. The
geometry of the dam affects its interaction with the
reservoir during seismic events. A wider dam may
experience different hydrodynamic effects than a
narrower one, influencing the distribution of forces and
stresses within the structure. In this case, there are four
widths: 65 m, 70 m, 75 m, and 80 m. The second variation
is the gradient variation. This means the gradient at the
dam’s neck has several changes, such as 100°, 105°, 110°,
and 115°. To have a valid comparison, this paper also has
another variation: the earthquake’s peak and mesh size.

9 T T T T

Varied parameters:

—&— Dam's Neck Angle 100°

—3%— Dam's Neck Angle 105°

—KX— Dam's Neck Angle 110°

I —2— Dam's Neck Angle 115° E

Stress (10° N/m?)
[=2}

w

Time (s)

(2)

Selecting an appropriate peak seismic load is crucial to
accurately assess the dam's strength and design it to
withstand these forces. This variation changes the peak
from the original earthquake magnitude and is divided
into four variations, i.e., 0.4g, 0.6g, 0.7g, and 0.8g. In
addition, choosing an appropriate mesh size ensures that
the model accurately represents the complex geometry
and behavior of the dam under various loading conditions,
leading to more reliable assessment results. In this case,
mesh size ranging from 500-1400 mm is evaluated. The
overall flowchart of the current investigation is depicted
in Fig. 7.

Ve
Benchmark tests Current FE investigation
With previous study by Hai-tao et FE modelling and setup of Koyna
al.2) dam

Scenario Varlatuon

- Width of dam: 65 m, 70 m, 75
m, and 80 m

- Gradient of dam’s neck: 100°,
105°, 110°, and 115°

- earthquake’s peak: 0.4g, 0.6,
0.7g, and 0.8g

- Mesh size: 500-1400 mm

FE modelling and setup of Koyna
dam

Model Variation:
Model I (without strain rate)

Model I (with strain rate)

FE simulation result
Stress polynomial analysis
+ Displacement and stress peak
* Time domain result
* FE contour anplyms

Applied load:
Peak acceleration (0.474g & 0.8g)

Validation test between
experimental test vs Hai-tao et
al.2h
Horizontal displacement Overall dlscussmn and concludmg

Vertical displacement remarks

S )

Fig. 7: Overall flowchart of current investigation.

6. Result and discussion

6.1 Stress polynomial analysis

Simulation analysis of the gravity dam has several
results that will be analyzed in this work. This section will
discuss the polynomial of stress result on the highest stress
point on each variation. This analysis aims to find the
variation with the lowest stress response value to the
earthquake magnitude. The results of the polynomial
response to earthquakes are presented in Fig. 8.

9 T T T T

Varied parameters:
-A—-65m
-&$-70m
-@-75m
| ~H-80m

=N

Stress (10°N/m?)

Time (s)

(b)
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9 T T T T

Varied parameters:
—&x— Mesh 500 mm
Mesh 600 mm
—®— Mesh 700 mm
| —HE— Mesh 800 mm
—&— Mesh 900 mm

Stress (10° N/m?)

w

i

Time (s)

©

9 T T

9 T T T T

Varied parameters:
—2%— Mesh 1000 mm
—%%— Mesh 1100 mm
—&— Mesh 1200 mm
| —X— Mesh 1300 mm
Mesh 1400 mm

=

Stress (10° N/m?)

Time (s)

(d)

Varied parameters:
—/N\— earthquake peak 0.4 g
—<{>— earthquake peak 0.6 g
— (D~ earthquake peak 0.7 g
| —[0— earthquake peak 0.8 g

Stress (10° N/m?)
[=)}

w

Time (s)

(e

Fig. 8: Polynomial stress over time: (a) gradient variation in °; (b) width variation in m; (c) mesh variation 500-900 mm; (d)
mesh variation 1000-1400 mm; (e) earthquake’s peak variation.

According to Fig. 8(a), the highest difference of stress
value in the results of the polynomial graphic stress of
seismic simulation on gradient variation is 4.8 x 10® N/m?
which occurs on 100° gradient variation. Meanwhile, the
lowest difference in stress value of the polynomial graphic
stress on gradient variation is 0.17 x 10® N/m?> which
occurs on 115° gradient variation. Figure 8(b) shows that
the stress value peak is 6.5 x 10®N/m?> which occurs on 75
m width variation with a difference between the lowest
point and the highest point of 4.07 x 10° N/m2. Meanwhile,
the lowest stress peak on width variation is 4 x 10® N/m?>
which occurs on 70 m variations with a difference
between the lowest and highest points of 3.3 x 10° N/m?,

Figure 8(c) and (d) show that the stress value peak is
8.6 x 10° N/m* which occurs on 500 mm mesh variation
with a difference between the lowest point and the highest
point of 7.43 x 10° N/m? Regarding the lowest peak,
stress on mesh variation is 6.19 x 10° N/m?, which occurs
on 1000 mm mesh variation with the difference between
the lowest point and the highest point 6.48 x 10° N/m2,
Figure 8(e) shows that the stress value peak is 6.73 x 10°
N/m?, which occurs on a 0.7g earthquake’s peak variation
with a difference between the lowest point and the highest

point of 5.79 x 10® N/m?. On the other hand, the lowest
stress peak on an earthquake’s peak variation is 4 x 106
N/m?, which occurs on 0.4g earthquake’s peak variation
with a difference between the lowest point and the highest
point of 3.3 x 10° N/m?,

6.2 Displacement and stress peaks analysis

Figure 9 compares the displacement and stress peaks of
each variation. This section will discuss how much the
variation affects displacement and stress related to the
seismic response. Figure 9(a) compares displacement and
stress in gradient variation analyzed in width 80 m, mesh
size 700 mm, and earthquake’s peak 0.4g. The result
shows that the highest displacement point is 0.361 m,
which occurs in a 105° gradient variation, and the lowest
is 0.352 m, which occurs in a 100° gradient variation.
Meanwhile, the highest stress point is 11.19 x 10! N/m*
which occurs in 100° gradient variation, and the lowest
point is 3.07 x 10° N/m? which occurs in 115° gradient
variation. It also shows from the stress trend line that the
bigger the gradient, the bigger the stress value.
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Fig. 9: Displacement and stress peak: (a) gradient variation in °; (b) width variation in m; (c) mesh variation; and (d)

earthquake’s peak variation.

Figure 9(b) compares displacement and stress in width
variation analyzed in gradient 100°, mesh size 700 mm,
and earthquake’s peak 0.4g. The highest displacement
point is 0.362 m, which occurs in 75 m and 80 m width
variations, and the lowest is 0.353 m, which occurs in 65
m width variations. Meanwhile, the highest stress point is
12.6 x 10° N/m?> which occurs in 80 m width variation,
and the lowest stress point is 10.62 x 10° N/m?> which
occurs in 75 m width variation. Figure 9(c) compares
displacement and stress in mesh variation analyzed in
gradient 100°, width 80 m, and earthquake’s peak 0.4g.
The highest and lowest displacement points in mesh
variation are 0.352 m since all the variations have the
same value. Meanwhile, the highest stress point is 18.38 x
10% N/m?> which occurs in 500 mm mesh variation, and
the lowest is 13.48 x 10° N/m? which occurs in 1400 mm
mesh variation. Figure 9(d) compares displacement and
stress in earthquake peak variation analyzed in gradient
100°, width 80 m, and mesh size 700 mm. The highest
displacement is 0.354 m, which occurs in the 0.4g
earthquake’s peak variation, and the lowest is 0.347 m,
which occurs in the 0.7g earthquake’s peak variation. As
shown in the result, from 0.4g until 0.7g variation, the
trend line goes down, and then when it hits 0.8g variation,
it goes up 0.002 m from the previous position. Since the

difference between the highest and lowest point of
displacement is too small (0.007 m), the displacement
result of the earthquake’s peak variation is stable.
Meanwhile, the highest point of the stress result of the
earthquake’s peak variation is 13.49 x 10° N/m? occurs in
0.6g, and the lowest point is 12.04 x 10° N/m?> with the
difference between the highest and the lowest point being
1.45 x 106 N/m?.

6.3 Time domain response

This section shows time response seismic simulation
result of each variation. The results are obtained from the
highest point of stress on each variation. This graphic was
used previously for the polynomial graphics, which are
shown in Fig. 8. Fig. 10(a) shows the stress result on
gradient variation evaluated at width 80 m, mesh size 700
mm, and earthquake’s peak 0.4g. It shows that gradient
115° and 110° have the lowest value of stress, while 100°
and 105° have a bigger stress value. Figure 10(b) shows
the results on width variation evaluated at gradient 100°,
mesh size 700 mm, and earthquake’s peak 0.4g. As the
width gets longer, the stress value also gets bigger. Figure
10(c) shows the results of mesh variation analyzed in
gradient 100°, width 80 m, and earthquake’s peak 0.4g.
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The smaller the mesh size, the bigger the stress value is.
Fig. 10(d) shows the earthquake’s peak variation results
analyzed in gradient 100°, width 80 m, and mesh size 700
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Fig. 10: Displacement and stress peak: (a) gradient variation in

°; (b) width variation in m; (c) mesh variation-1; (d) mesh

variation-2 and (e) earthquake’s peak variation.

6.4 Stress and displacement contour analysis

This section will compare and analyze the contour
result from the seismic simulation of a gravity dam. Since
this section will discuss three indicators (displacement,
stress, and tensile damage), there are 66 contours to

compare for all the variations. Therefore, to simplify the
analyzing process, the writer used two contours for each
variation on each indicator. The contour used in this
section will be the smallest and largest versions in each
variation.
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The first contour that will be compared is the stress
contour result. As we can see in Figs. 11(a) and (b), the
stress contour result of the mesh variation is that as the
mesh size gets bigger, the stress distribution on the back
and bottom sides of the gravity dam gets longer. The
highest stress point for the 500 mm mesh variation is 7.6
x 10 N/m?, while the highest stress point for the 1400 mm
mesh variation is 4.6 x 10° N/m?. Figure. 11(c) and (d)
show the stress contour result of an earthquake’s peak
variation, and this result will show how the gravity dam
reacts to the difference in an earthquake’s peak. The
highest stress point on 0.4g variation is 4.8 x 10° N/m?,
while the highest stress point on 0.8g variation is 5 x 10°
N/m?. It showed that as the earthquake’s peak grew, the
gravity dam's stress reaction also increased. Figure 11(e)
and (f) show the stress contour of gradient variation. As
shown in Fig. 11 above, this variation has several
significant differences. As we observe the 115° gradient
variation, the stress distribution is very different from
other variations where the highest stress point is located at
the bottom of the dam. This shows that as the gradient gets
bigger, the stress distribution will lead to the bottom part
of the dam. Even though this tells us that there is a smaller
risk the dam will break in the center, the bottom part of the
dam is where the biggest hydrostatic pressure happened
on the dam. Figure. 11(g) and (h) show the stress contour
of width variation. As we can see from Fig. 11 above, as
the width gets longer, the stress value on the bottom part
of the dam gets smaller. This means that the width of the
dam will resist the hydrostatic pressure applied on the
back side of the dam.

Figure 12 discusses the comparison of a displacement’s
contour. From Figs. 12(a) and (b), there is no significant
difference between the displacement contour results on
mesh variation as they have similar values on the highest
displacement point. Figure 12(c) and (d) show the
displacement contour result of the earthquake’s peak
variation. The 0.8g earthquake’s peak variation has a
displacement distribution majority on the dam’s crest or
the top part of the dam, while the 0.4g earthquake’s peak
variation has a displacement distribution majority on the
dam’s body. Figure 12(e) and (f) show the displacement
contour result of gradient variation. While the 100°
gradient variation has a similar contour to other variations,
the 115° gradient variation has a significant difference
where most of the displacement happened on the back side
of the dam. Figure 12(g) and (h) show the displacement
contour result of width variation. As the 65 m width
variation has a similar contour to other variations, the 80
m width variation has a smaller displacement value on the
bottom part of the dam but a higher displacement value on
the crest or the top part.

Figure 13 discusses the comparison of a tensile damage
contour, Figs. 13(a) and (b) show the tensile damage
contour of mesh variation. As shown in Fig. 13 above, the
500 mm and the 1400 mm mesh variations have a similar
tensile damage value. Figure. 13(c) and (d) show the

tensile damage of the earthquake’s peak variation. While
they have a similar tensile damage value, the 0.8g
earthquake’s peak variation has a little branch of tensile
damage on the dam’s neck, while the 0.4g earthquake’s
peak variation doesn’t have a similar contour to other
variations. Figure 13(e) and (f) show the tensile damage
of gradient variation. While the 100° variation has a
similar contour, the 115° has a significant difference, as
we can see on the dam’s neck of 115° variation, they have
a very small value of tensile damage compared to other
variations, this means the bigger gradient on the dam’s
neck will reduce the tensile damage. Figure 13(g) and (h)
show the tensile damage of width variation; the 65 m
variation has a similar contour, and the 80 m variation has
several differences, while other varieties have a tensile
damage majority on the dam’s neck on the front side, the
80 m variation has two part of tensile damage that happens
on the front and the back side on the dam’s neck.

6.5 Overall Discussion

Results on the polynomial section from Fig. 7(a) show
that the dam's gradient will affect the result from seismic
simulation, as the two highest gradient variations have a
similar polynomial stress value that also has the lowest
difference stress value. This shows that 115° and 110°
gradient variations have good resistance and stability to
earthquake forces compared to 105° and 100° gradient
variations. As the polynomial shows the advantage of a
bigger gradient on the gravity dam, Fig. 9(f) shows that
the stress distribution on the bigger gradient variation
mostly occurred on the dam's bottom part. This shows the
disadvantage of a bigger gradient on the gravity dam,
where the bottom part will likely break first. This is not
good, considering if the bottom part breaks first, then all
the water and the gravity dam will also break and
endanger the downstream part of the dam.

As a gravity dam is designed to hold the water on the
vertical upstream face, engineers usually design the
downstream face as a uniform slope, which helps to hold
the hydrostatic pressure as the highest hydrostatic pressure
is located on the bottom of the dam. This leads to the
effects of the dam’s width to hold the hydrostatic pressure.
Figure 12(g) and (h) show stress distribution contour on
width variation. There is no other significant difference
besides the highest stress value on each contour. At the
same time, Fig. 13(g) and (h) show the majority of
displacement during the earthquake happened on the
dam’s crest. Figure 13(g) and (h) also show the
disadvantage of having a longer width. While the tensile
damages on the dam’s neck are thinner, apparently, on the
upstream face appeared tensile damages that most other
variations don’t have. This proves that width variation
affects the dam's behavior on seismic simulation, as it can
hold the hydrostatic pressure better as the width gets
longer. It also has a disadvantage that occurred on the
upstream face.
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7. Conclusions

This study aims to investigate various design factors
crucial for enhancing the earthquake resistance and
structural integrity of gravity dams. Findings reveal that
both gradient variation at the dam's neck and changes in
dam width significantly influence the dam's response to
seismic events. While adjusting the gradient can mitigate
stress concentration at the dam's neck, an excessive
gradient may exacerbate stress distribution at the dam's
base, potentially leading to catastrophic failure during
earthquakes, which often initiate from the bottom.
Similarly, altering the width of the dam offers a strategy
to alleviate stress on its lower portion. However,
increasing width may redirect tensile damage towards the
upstream face, increasing the risk of dam failure during
seismic activity.

Although perfection is wunattainable, this study
maximizes insights to inform further research endeavors.
Moreover, it serves as a foundational reference for
evaluating the seismic performance of gravity dams with
overflow sections, offering valuable considerations for
future investigations. Building upon existing research in
gravity dam seismic simulations, this study provides a
crucial link to future experiments, facilitating a more
comprehensive understanding of dam behavior under
seismic loading.
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