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Abstract

Physics-based earthquake simulations are advancing to the research of seismic risk assessments as well as forward
prediction in cases for which there are limited observations. This paper aims at simulating the 3D seismic wave
propagation from the source to the high earth-rock dam with the local terrain. A two-step procedure is proposed using
the spectral element method and the finite element method. Firstly, the ground motion at the dam-foundation interface is
generated based upon the spectral element method, in which the source, the seismic propagation path and the local site
features are considered. Secondly, the dynamic analysis of the earth-rock dam with a certain region of foundation is
implemented by the finite element method with finer discretized meshes. In this way, the entire process of the seismic
wave propagation and the fine analysis of the dam can be considered simultaneously. An earth-rock dam in southwest
China is taken as an example to implement above-mentioned source-to-structure simulation. The effects of the high
earth-rock dam and the source location of the scenario earthquakes on ground motions at the dam site are investigated.
The simulated results demonstrate: (1) the dam body has an amplifying effect on the amplitude of seismic waves at the
earth-rock dam site; (2) the seismic response of the dam generally gets stronger as the height of the earth-rock dam
increases in the cross section; (3) the seismic response of the dam is larger in the middle part than those at the
abutments in the transverse direction; (4) the effect of source, propagation path and local site on the seismic response of
earth-rock dam should be taken into account.
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1. Introduction

The development of hydropower resources is concentrated in the area with rugged terrain, which is
often accompanied by active tectonic movement. For this reason, the hydraulic infrastructure is often faced
with seismic threat. The frequent occurrence of destructive earthquakes has caused a large number of
engineering accidents, resulting in huge loss of life and property. Therefore, it is necessary to study the
seismic characteristics on the local site and its dynamic response.

According to the relevant researches, it is found that the geological and topographical conditions on
the dam site have a non-negligible influence to the actual seismic waves in this process. Zhang and Zhao!*!
use the coupling method of finite and infinite element to find that the seismic amplification of Canyon
topography is the most significant when the input angle of seismic wave is 90 degrees. Hel? also found that
the canyon topography plays a significant amplification effect on the ground motion by analyzing the
Newhall earthquake. However, few researches study the effect made by the dam itself. Considering the mass
of the dam, the dam itself will cause significant changes in local terrain, so it is necessary to study the
influence made by the dam itself.

When the seismic wave arrives at the site, this will cause dynamic response to the construction, which
is the most important part of seismic safety evaluation. With the rapid improvement of computer, the Finite
Element Method (FEM) has the strong ability to deal with complex conditions, widely used in various fields
of engineering. Clough and Chopral® first used the FEM in two-dimensional plane strain analysis of earth
rock dam. Angeliki and Jacob ™! conducted linear dynamic response analysis of earth-rock dams in the semi-
circular canyon considering the dam body-foundation interaction. While as one of high-order finite element
methods, the Spectral Element Method (SEM) with the advantage of high precision, rapid calculation can
well simulate the ground motion propagation. Komatistch® used spectral element method to simulate the
earthquake propagation process in Los Angeles basin. Magnoni® also used this method to simulate the
L'Aquila earthquake. The above two methods can be well combined to analyze the whole process of seismic
wave from generation to action. For this reason, this paper will simulate the 3D seismic wave propagation
from the source to the high earth-rock dam with the local terrain, taking an earth-rock dam in southwest
China as the example.

2. Seismic simulation
2.1 Preprocessing spectral element model

This 3D model, which measures approximately 20 kilometers long, 22 kilometers wide and 12
kilometers deep, is meshed by importing the terrain data from Google Earth. The grid size will affect the
results: for one thing, if too large, it will not well reflect details of the structure; for another, if too small, it
will generate a massive number of units, reducing computing efficiency significantly. Moreover, the impact
of far field on ground motion to the site is limited. Therefore, as shown in Table 1, the transitional meshing
method is used. The modified meshing program in the Specfem3d program is used to model. Then the total
number of elements is about 5.21 million and the total degree of freedom is about 1.05 billion. The meshing
grids under two conditions is shown in Figure 3, which can be seen that the combination of the dam with the
terrain is coordinated and there is few deformed grids.

Table 1 —Transitional mesh structure

Number Area Mesh size Remark
1 Far-field 180m>=180m>=180m /
2 Dam-site 30m>30m>30m area (8040m x4760m =<3000m) around the site
3 Transition zone 60m>60m>60m /
2
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Fig. 1 —Spectral element model Fig. 2 — Transitional meshing

Fig. 3 — Meshing grids under two conditions (up: dam-existent; down: dam-nonexistent )

2.2 Source model and wave structure

The focal model is set as the point source, which is 1km below the center of the dam body; the
magnitude of simulated earthquake is set as 4.0; the semiperiod of the source is set as 0.15s. Due to the
increased probability of small-sized earthquakes near the dam site induced by the reservoir increases, these
values are relatively reasonable for the study about the seismic response of the dam site. Seismic moment is
obtained using the empirical equationt as follows: Eq. (1).

3
=— +16.
log,, M 2MW 16.1 1)

in which My, represents earthquake magnitude(Richter Scale), M is the seismic moment. Meanwhile, as
shown in Fig. 3-5 schematic diagram of source fault, seismic moment tensor is usually represented by a
symmetric matrix, which has six directional-components (Myx, Myy, Mz, Myy, Myxz, My;) obtained by the
following equations: Eq.(2)~(7).

M, =-M(sindcosisin2¢+sin28sinAsin®¢) @)
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MW:M(sinécosxsin2¢-sin285in7\sin2¢) (3)
Mz, =-(My+Myy) (4)
Mxy:-M(sinﬁcosksin2¢+%sinZSsinksinzq)) )
M,,=-M(CcosdcosAcosh+cos25sinAsing) (6)
My, =-M(cos3cosAsing-Ccos25sinACos) )

in which ¢ is strike-angle, 4 is slip-angle and ¢ is dip-angle. As for the point source, The strike angle of the
faultis O < the dip angle 90 < the slip angle O < Then the moment tensor is represented by the Eq.(8).

Mo My My 0 1.28x10° 0
M= (M My, My, [=]128x10% 0 0
sz Myz Mzz 0 0 0 (8)

On account of the lack of measured geological data, the information out of the global crustal model of
CRUST2.0 (Global crustal model at 2 * 2 degrees) or similar structural areas can be used to determine the
seismic velocity structure of the site. The former method is used in this model with its parameters of the site
are obtained as shown in table 2.

Table 2 —Parameters of wave structure

P wave velocity S wave velocity Density
Vp(m/s) Vs(m/s) p(kg/m?)
2500 1070 2110

2.3 Spectrum analysis

After preprocessing the model, those set values are input the into the open source code called specfem3d.
Also, the number of calculation steps is up to 100000, setting the time-step as 0.0006s. Based on the principle of
spectral element method (SEM), the propagation process in the initial 60 seconds is simulated under two
conditions of the existence and non-existence of dam. Consequently, the simulated wave field results of time
history and frequency spectrum is output, taking the measuring point in the center of dam axis and on the dam
surface as concerned targets. Through these analyses, the seismic input and relevant conclusions of dynamic
response of dam are obtained.

As shown in Figure 4, the acceleration amplitude values of frequency spectrum in the east-westward, north-
southward and vertical directions are significantly higher than those in the absence of the dam in the spectrum
range of low frequency (lower than 3Hz approximately). The largest spectrum difference of east-westward
amplitude distributes near 1Hz, while the average difference is about 10 times below 1Hz and 10 times below 3Hz;
the largest spectrum difference of north-southward amplitude distributes near 1Hz, while the average difference is
about 5 times below 1Hz and about 7 times below 3Hz; the largest spectrum difference of vertical amplitude
distributes near 1Hz as well, while the average difference is about 20 times below 1Hz and about 10 times below
3Hz. It can be concluded that the dam body has an amplification effect on the ground motion in the site area. The
amplification effect in the direction parallel to the dam axis is more obvious than that perpendicular to the dam
axis. In addition, Spectrum difference of the ground motion intensity in all directions decreases with increasing
frequency. As for the significant amplification effect when frequency comes to 1Hz, it may be related to the
fundamental frequency of the earth-rock dam structure.

The relative high frequency part (> 3Hz) of acceleration spectrum tends to be overlapped and disordered,
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which may be due to the lack of high frequency components excited by the source, so this paper does not analyze
the high frequency components. Instead, the acceleration spectrum trend of dam surface points is basically
consistent with that of foundation points, especially for the east-westward and vertical direction. However, the
acceleration spectrum of dam surface points in the low frequency range is smaller than that of the ground point.
Hence, the attenuation of seismic waves has a directional effect, which still needs further research.

As shown in Figures 5 to 7, under the dam-existent conditions, kinematic quantity (acceleration, velocity and
displacement) amplitude values of time history are higher than those without dam, but their trend that both the
peaks appear in the initial stage of the propagation process (about 0-5s) and the peak value under latter condition
is slightly behind the former. Generally, when no dam body exists, the amplitude rapidly decays to zero within 20s,
and then there is almost no fluctuation near the value of 0. By contrast, the amplitude still fluctuates significantly
after its attenuation. The reason for this phenomenon can be that the seismic wave quickly releases energy to the
free surface when no dam body exits, while the surface boundary will hinder the wave propagation as a result of
continuous wave reflection inside the dam body after it propagates to the surface.
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Fig. 4 — Acceleration spectrum
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Fig. 5 — Time history in east-westward direction
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Fig. 6 — Time history in north-southtward direction

L0q x 10

— Dam-existent o7

Dam-nonexistent

0.8 Dam-existent

Dam-nonexistent

— Dam-existent
Dam-nonexistent

*M Mo

0.6

Velocity (m/s)

0.44

W WL WW#‘WW e it

i

Acceleration (m/s?)
Y
Displacement (m)

5 e
L

0.44
0.6 |
0.8

1.0

T T T T 1 T T T T T 1 T T T T T 1
0 10 20 E 10 a0 fin 0 10 20 30 40 a0 60 0 10 20 30 0 50 60

Time (s) Time (s)

Time (s)

Fig. 7 — Time history in vertical direction

3. Dynamic response
3.1 Calculation conditions

The material of earth-rock dam is nonlinear elasticity when yielding occurs under loads, resulting in
elastic and irrecoverable plastic deformation, so the constitutive property must be expressed in nonlinear
form. Mohr Coulomb model, an ideal nonlinear elastic-plastic model with a fixed yield surface!®, is taken for
analysis in this paper. A large number of experiments and engineering practices have proved that Mohr

Coulomb model (MC model for short) has good applicability in reflecting the constitutive property of soil
materials.

Due to the lack of material test parameters, as shown in Table 3, this paper selects the material
parameters of a similar earth-rock dam in the local area. The simulated seismic wave is uniformly input into
the finite element analysis model of earth-rock dam, so that the internal force of the structure at each time in
the specific direction can be calculated, and the response (i.e. displacement, velocity and acceleration) at
different times of the model can also be obtained. The calculation step of ground motion is 0.6s, and the
duration is 60s with totally 1000 steps.

Table 3 —Parameters of materials

Area Density Elastic modulus | Poisson’s ratio | Cohesion fri(i?iger:r:rlll le
p/(KN/m?3) E/(GPa) u c/(kpa) o g
Core wall 2087 5 0.35 30 27.9
6
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Upstream 2100 15 0.3 0 317
transition zone
Downstream
transition zone 2100 15 0.25 0 30.8
Upstream rockfill 2984 75 02 0 35
zone
Downstream 2284 75 0.2 0 35
rockfill zone
Pre-loading zone 2200 50 0.21 0 35
Dam foundation 2300 73.8 0.2 5 38

3.2 Map of stress at different time

Through the acceleration curve of time history, it can be seen that the curve reaches to the peak at
about 1.32s. Therefore, the results of different time (t:=1.32s, t,=20.4s, t3=59.94s) are compared. At 1.32s,
the maximum principal stress boundary of tension and compression is located in the upstream rockfill area;
the minimum principal stress boundary of tension and compression is in the middle of the downstream
rockfill. The peak values of maximum principal stress are about 0.5MPa at the bedrock below the upstream
rockfill, about 4MPa at the junction of the downstream rockfill and the ballast, and about 0.4MPa at the core
wall. The overall level of Mises stress is the highest, about 4MPa, at the foundation under the core wall.
Also, there is obvious stress concentration at the material interface between the upstream rockfill and the
ballast, and the Mises stress in the middle of the core wall and the dam crest is minimum, only 0.05Mpa. The
characteristics of stress distribution at 20.4s and 59.94s are the same as that at 1.32s.

Hence, the region of tensile stress will expand from downstream to upstream as the increase of input
seismic acceleration. In this process, the main stress in the upstream area is mainly compressive stress, while
in the downstream area is mainly tensile stress, especially in the upper part of the core wall but the level of
tensile stress is not high, which is within the strength range of dam material and with low risk of failure. The
phenomenon of tensile stress concentration always exists at the junction of the downstream rockfill and the
ballast. In practice, attention should be paid to the measures of seismic fortification in this area.

Table 4 —Peak values of stress

Horizontal Vertical Minimum Maximum MISES
Time stress stress principal stress principal stress stress
(Mpa) (Mpa) (Mpa) (Mpa) (Mpa)
-3.87 -4.40 -0.95 -6.09 0.05
t,1=1.32s
4.75 1.54 5.26 0.42 5.16
-0.66 -1.34 -0.38 -1.13 0.002
t,=20.4s
0.73 0.39 0.81 0.08 1.19
-0.98 -1.12 -0.42 -1.18 0.003
t3=59.94s
1.13 0.04 1.15 0.12 1.15
7
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Fig. 8 — Map of MISES stress at 1.32s
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Fig. 9 — Map of MISES stress at 20.04s
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Fig. 10 — Map of MISES stress at 59.94s

3.3 Seismic response of different sites

In order to study the response characteristics of different sites on the dam body, as shown in Figure 11,
five sites on the dam are selected for analysis. Among them, #2 is the top site of upstream ballast; #972 is
the site on the packway of the upstream rockfill area; #992 is the site on the crest; #2396 is the site on the
packway of the downstream rockfill area; #3293 is the top site of downstream ballast.

Under the joint action of horizontal and vertical earthquakes, the horizontal displacement of the dam
body at node 2 is 4.79cm in the upstream ballast, and 8.32cm in the upstream rockfill area; the maximum
horizontal displacement of the top node of the dam is 8.28cm, and the maximum horizontal displacement of
the node at the downstream rockfill area is 8.42cm. By the charts, the time history of each motion component
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is basically consistent with the waveform of seismic wave. With the increase of dam height, the response of
displacement, velocity and acceleration of the dam body increases.

#992

Fig. 11 — Selected sites on the dam

Table 5 —Peak values of nodes

Maximum Maximum Maximum Maximum Maximum Maximum
. . velocity velocity acceleration | acceleration
Node displacement | displacement in X iny i X iny
number | in X g:lr;e)ctlon iny (dclr;e)ctlon direction direction direction direction
(m/s) (m/s) (m/s?) (m/s?)
#2 4,79 0.68 0.60 0.078 8.29 1.01
#972 8.32 0.38 1.06 0.037 14.77 0.42
#992 8.28 0.40 1.05 0.046 14.62 0.64
#2396 8.42 0.57 1.07 0.083 14.92 0.96
#3293 4,94 0.14 0.62 0.022 8.46 0.33
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Fig. 12 — Time history of displacement on different sites (left :X direction; right: Y direction )

3.4 Spatial stress distribution

At the moment of 1.32s, the maximum MISES stress of one side section (y=800m) is 12Mpa on the

dam crest, and tensile stress of the core wall reaches to about 0.8MPa. While
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section(y=1400m), the maximum MISES stress is much higher. The tensile stress at the top of the core wall
is about 1MPa. the maximum MISES stress of another side section(y=2000m) is 12Mpa on the dam crest,
too, and tensile stress of the core wall reaches to about 1.8MPa. Also, there exists a large region of tensile
stress on the upper and lower bedrock surface. The characteristics of spatial stress distribution at 20.4s and
59.94s are the same as that at 1.32s. As far as the qualitative law is concerned, tensile stress response are
prone to exist in the upstream rockfill area and the upper part of the core wall. In the perpendicular direction
to river course, the stress and the response near the dam abutment on both sides is less obvious than that of
the middle part.

S, Mises
(F19: 75%)

+4.6490407
. +4.2620407
+3.875e+07
3.4880407

S, Mises
(F8:75%)

Fig. 14 — Map of spatial stress at 20.04s
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Fig. 15 — Map of spatial stress at 59.94s

4. Conclusion

In this paper, An earth-rock dam in southwest China is taken as an example to implement above-
mentioned source-to-structure simulation. According to the existing engineering data, the seismic wave
propagation from the source to the dam site is simulated based on the wave theory and the spectral element
method. The two-dimensional typical section of earth rock dam and the three-dimensional finite element
model with the local terrain are established.

The response results of earth rock dam under different conditions of completion period and normal
period are considered respectively considering materials property and uniform input. Through comparison,
these conclusions are obtained: (1)with regional homogeneous material model, for the earthquake excited by
superficial source under the dam body, the dam itself will amplify the seismic in all directions; (2) Generally,
strong arch effect appears at the bottom of dam, especially on the upper part of core wall (4/5 of the dam
height) and the interface between transitional layers. Then, the arch effect is so as to impounding period but
is a little weakened; (3) The time history trend of each motion component for characteristic points is
basically the same as that of the seismic wave, and the variation of time history on the dam crest is
determined by the seismic waveform and the constitutive characteristics of the earth-rock dam. With the
increase of dam height, the amplification of motion component gets obvious. And at the position where the
water stop is relatively weak, the dynamic tensile stress appears local stress concentration. Under the same
input condition, the distribution phase of dam dynamic response value shows the characteristics of large in
the middle and small on both sides.
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