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Abstract

The failure of a large dam can be catastrophic to human life and property downstream. Therefore, the
seismic safety is of particular concern for high dams in seismically active regions. This paper addresses the
seismic response analysis of high arch dams due to spatially-varying ground motions. Firstly, a
comprehensive analysis model developed at Tsinghua University is presented, which takes into account
radiation damping effect of semi-unbounded canyons, dynamic interaction of dam-water, opening of
contraction joints, seismic damage cracking and strengthening of dam concrete, and nonlinearity of
foundation rock. Subsequently, the seismic damage of Pacoima dam during the 1994 Northridge
earthquake is qualitatively analyzed by the developed analysis model. The results agree with the actual
damage observed after the earthquake. Most of the contraction joints opened and closed during the
earthquake, and a larger residual opening occurred at the thrust block joint after the earthquake. The cracks
continue from the bottom of the thrust block joint in three directions: diagonal, horizontal, and vertical.
Finally, a large-scale numerical simulation of seismic ground motion from source rupture to dam canyons
is introduced, which can simulate the characteristics of near-field ground motions at dam sites by
considering the effect of source mechanism, propagation media, and local site.
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1. INTRODUCTION

Earthquakes can cause damage to dams, such as Xinfengjiang buttress dam (105 m high, 1962
Xinfengjiang earthquake), Koyna gravity dam (103 m high, 1967 Koyna earthquake), Pacoima arch dam (113 m
high, 1971 San Fernando earthquake and 1994 Northridge earthquake), Rapel arch dam (112 m high, 1985
Rapel Lake earthquake), Sefid Rud buttress dam (106 m high, 1990 Manjil-Rudbar earthquake), Shihgang dam
(25 m high, 1999 Chi-Chi earthquake), and Zhipingpu concrete-faced rockfill dam (156 m high, 2008
Wenchuan earthquake). Therefore, the seismic safety of arch dams is a widely-concerned topic. During last
several decades, considerable research efforts have been devoted to seismic safety study of arch dams, and many
numerical models have been developed to analyze seismic response of arch dams, such as [1-8]. However, due
to the complexity of arch dam-reservoir-foundation rock systems, the numerical models are inevitably filled
with assumptions. Determining the extent to which the developed numerical models may be truly representative
of the actual systems is still a challenging problem.

A major difficulty lies in rationally defining the variations in ground motions along dam-foundation
interfaces. The ground motions recorded at several arch dams, such as Pacoima dam [9], Mauvoisin dam [9] and
Ertan dam [10], provide an opportunity to verify the effectiveness of numerical models. Chopra and Wang [9]
investigated the linear response of Pacoima dam to the spatially-varying ground motions recorded during
earthquakes. Wang et al. [5] investigated the earthquake damage of Pacoima dam in the 1994 Northridge
earthquake of magnitude 6.7 using a comprehensive analysis model, which the semi-unbounded size of
foundation rock and compressible water, the opening of contraction joints, the cracking of dam body, and the
spatial variation of ground motions. The joint opening and the concrete cracking may be roughly reproduced
when the ground motion excitation is spatially defined based on the acceleration records at the dam-rock
interface.

However, most high dams, particularly new dams, lack appropriate strong motion records at dam-
canyons for seismic safety evaluation. Recently, He et al. [11] and Wang et al. [12] investigated the ground
motions at dam sites by numerically simulating the whole propagation process of seismic waves from fault
rupture to dam site. The physics-based numerical simulation may take into account the effects of source,
propagation path and local sites, and thus offer a potential way for predicting ground motions at dam sites.

This paper summarizes some of the above-mentioned work. Firstly, a comprehensive analysis model
developed at Tsinghua University is presented. Subsequently, the damage of Pacoima dam during the 1994
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Northridge earthquake is qualitatively analyzed by the developed analysis model. Thirdly, a large-scale
numerical simulation of seismic ground motion from source rupture to dam canyon is introduced.

2. EARTHQUAKE DAMAGE ANALYSIS MODEL OF DAM-WATER-FOUNDATION SYSTEMS

The arch dam-water-foundation rock system considered is composed of a concrete dam with
contraction joints, semi-unbounded foundation rock, and semi-unbounded reservoir, as shown in Figure 1. A
comprehensive analysis model [5, 13-18] has been developed by the research group on earthquake resistance of
high dams at Tsinghua University, which takes into account radiation damping effect of semi-unbounded
canyons, dynamic interaction of dam-water, opening of contraction joints, seismic damage cracking and
strengthening of dam concrete, and nonlinearity of foundation rock.
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Figure 1. Sketch of the arch dam-water-foundation rock system

(1) Radiation damping model of semi-unbounded foundation rock:

The semi-unbounded foundation rock is truncated in a certain region. Zhang et al. [13] applied the
viscous-spring boundary condition [19] to the truncated foundation boundary to simulate the radiation damping
of the semi-unbounded foundation rock. In the viscous-spring boundary input model, pairs of dashpots and
springs are installed in all nodes of artificial boundaries as shown in Figure 1. Each node on the artificial
boundary contains three pairs of dashpots and springs, i.e. one in the normal direction of the boundary plane and
the other two in the tangential directions. The parameters of springs and dashpots on the artificial boundary are
given as the following:
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where subscripts n and s refer to the normal and tangential directions of the artificial boundary surfaces; K is the
elastic stiffness of the spring, C is the viscous damping, 4 and G are the Lame’s constants; Vp and Vs denote the
propagation velocity of P- and S-waves, respectively; p is the mass density; r is the distance from the wave
source, which takes the approximate value of the perpendicular distance from the center of the structure to the
nodes of artificial boundary; and a and b are modification coefficients, which may be determined from
parameter analysis.

(2) Modeling of semi-unbounded reservoir:

The impounded water is assumed to be inviscid, irrotational, and compressible. Similar to the semi-
unbounded foundation rock, the semi-unbounded reservoir is truncated at a certain distance in the upstream
direction. Wang et al. [15] used the plane-wave radiation condition at the truncated water boundary to simulate
the fluid wave that propagates along the upstream direction. The plane-wave radiation equation [20] is
expressed as
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where p is the hydrodynamic pressure of the impounded water, and the superposed dot indicates the partial
differentiation with respect to time; n is the inward normal direction of the truncated reservoir boundary, € is the
incident angle from the inward normal; and V., is the velocity of pressure waves in the water.

(3) Modeling of contraction joints:

The nonlinear response of high-arch dams due to contraction joint opening during earthquakes is
significant. It is of importance to appropriately model the behavior of interaction between monoliths. Zhang et
al. [13] improved a contact boundary [21] provided in ABAQUS to simulate the opening-closing behavior of
contraction joints.

(4) Damage model of concrete:

Dam concrete may crack during a strong earthquake because of excessive stress. For example, Pacoima
dam suffered severe damage during the 1994 Northridge earthquake. Pan et al. [14] adopted the elastic-plastic
damage model [22] to simulate the nonlinearity of concrete material during strong earthquakes. Considering that
dam safety is usually controlled by tensile stresses during earthquakes, only the tensile damage of concrete is
considered. Moreover, compressive stiffness is assumed to fully recover upon the closure of cracks when
load changes from tension to compression. Based on these assumptions, the uniaxial stress—strain
relationship of concrete is shown in Figure 2, where ¢ and ¢ are concrete stress and strain, respectively; Eo
is the initial (undamaged) elastic modulus; d; is the tensile damage factor that varies from 0 (undamaged
material with elastic behavior) to 1 (fully damaged material); Gs is the fracture energy; f; is the tensile
strength; & and & are the maximum elastic and limiting tensile strains, respectively; ¢p is the equivalent
plastic strain; and I. is the characteristic length of concrete (commonly defined as three times the maximum
aggregate size).

folo

EUnIoaQin :
E | i
1 1-d)Es!

(N il G I
i Loading e

H ‘
& & & &€
Eo

Figure 2. Softening curve of concrete under uniaxial cyclic loading

(5) Earthquake input model:

Two earthquake input methods may be used in the dynamic analysis of arch dams to consider the
radiation damping of semi-unbounded foundation rock [15]. As schematically shown in Figure 3, one is the
incident wave model, and the other is the free-field model. The incident wave model defines the seismic input at
the foundation base boundary. To maintain the consistency of the motions at the base boundary with the
specified free-field surface motions, the input excitation at the foundation base is usually determined by a
deconvolution analysis. The incident wave is a uniform input at the base, but spatially varying ground motions
are generated at the dam-foundation rock interface due to the scattering effect of canyon topography on the
earthquake waves. In the free-field model, the specified free-field motions are imposed as direct input to the
dam-foundation interface. Therefore, spatially varying free-field input could be considered if it is available.
Wang et al. [5, 15] developed an equivalent force scheme based on the similar idea to achieve the free-field
input when the radiation damping of semi-unbounded foundation rock is taken into account. It is worth noting
that the artificial boundary condition at the foundation base is essential in simulating the semi-unbounded of the
foundation rock for these two input models in the finite element analysis.
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Figure 3. Earthquake input mechanism

3. EARTHQUAKE DAMAGE ANALYSIS OF PACOIMA DAM

Located in the San Gabriel Mountains near Los Angeles, Pacoima dam is 113 m high and 180 m long
at the crest. The thickness at the crown section varies from 3 m at the crest to 30 m at the base. A thrust block
supports the dam at the left abutment. Pacoima dam was shaken by the 1971 San Fernando earthquake of
magnitude 6.6 and the 1994 Northridge earthquake of magnitude 6.7. Figure 4 shows the observed damage of
Pacoima dam in the Northridge earthquake [23]. The thrust block joint opened and remained open after the
earthquake by about 50 mm at the crest level. This opening continued downward and decreased to 5 mm at the
bottom of the joint. The rest of the contraction joints were closed after the earthquake. However, there were
indications that some of joints opened and closed during the earthquake. A crack diagonally extended from the
open joint through the thrust block into the abutment. Several fine cracks were also observed in the dam body
adjacent to the thrust block. A permanent horizontal offset 10 mm to 15 mm occurred along the horizontal joint
about 15 m below the crest. The top block moved downstream relative to the bottom block.

The seismic response of Pacoima dam to the 1994 Northridge earthquake is analyzed using the
procedure presented in Section 2 [5]. The applied static loads include the deadweight of the dam, and the
hydrostatic pressure of the reservoir. The ground motions that are spatially varied along the dam-foundation
rock interface are defined based on the earthquake records [9]. Figure 5 presents the joint opening envelope, the
residual joint opening, and the damage distribution on the downstream face during the earthquake excitation.
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Figure 4. Observed damage of Pacoima dam in the Northridge earthquake

From Figure 5, it is clearly observed that most of the joints are open during the earthquake. Some of the
joints open downward about half the height of the dam. On the downstream face, the maximum opening 36.0
mm occurs at the crest level of the thrust block joint. The thrust block joint remains open about 15 mm at the
crest level. This opening continues downward and decreases to 5 mm at the bottom. These scenarios are
qualitatively similar to the actual observation after the 1994 Northridge earthquake, wherein some of the joints
opened during the earthquake and the thrust block joint remained open after earthquake.
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Figure 5. Computed response of Pacoima dam due to Northridge earthquake

The calculated damage distribution (Figure 5(c)) indicates that the severe damage occurs under the
earthquake excitation. The damage appears in the dam body adjacent to the thrust block and to the foundation
rock. The damage extends from the bottom of the thrust block joint in three directions. A crack diagonally
extends from the bottom of the open joint into the left abutment. A crack horizontally stretches out from the
open joint into the dam body. In addition, damage extends downwards along the vertical contraction joint. These
damage modes agree with the actual cracks observed after the 1994 Northridge earthquake.

Figure 6 shows the seismic damage on the downstream face of Pacoima dam when the input ground
motion is defined by the two methods commonly-used in the current engineering practice, respectively. The first
one is the free-field input, in which uniform ground motion is input at the dam-foundation interface. The second
one is the incident wave input, in which the ground motion with the amplitude halved is vertically incident from
the bottom of the foundation rock. It is obvious that the earthquake input mechanism has a significant influence
on the damage distribution of Pacoima dam. The uniform free-field input and the incident wave input cannot
achieve the damage mode that occurred during the 1994 Northridge earthquake.

(a) uniform free-field input (b) incident wave input
Figure 6. Dam damage with different earthquake input mechanisms

4, LARGE-SCALE NUMERICAL SIMULATION OF GROUND MOTIONS AT DAM CANYONS

Ground motions recorded exhibit spatial variation along the dam-foundation interface, which may have
a significant influence on the seismic response of high arch dams. From the seismic response analysis of
Pacoima dam [5], it is clearly shown that the seismic responses resulting from the recorded ground motions are
quite different compared with conventional assumptions. However, it is difficult to rationally define such
variation in practice engineering because the available ground motions at the dam-foundation interface are
limited.

With the significant improvements in the seismological methods, numerical simulation techniques and
large-scale computing, it is promising to simulate the whole process of seismic waves from fault rupture to sites.
Therefore, we proposed a “rupture-site” approach to generate spatially—varying ground motions along dam
canyons [11, 12]. As schematically shown in Figure 7, the fundamental idea is to build a realistic fine model
integrated of seismic source, propagation path and local site to simulate the whole propagation process of the
seismic wave from the fault rupture to the dam site based on large scale high-performance computing. This
physics-based approach may take into account the effects of source mechanism, propagation path, and local site
on the seismic response of dams, and thus predict ground motion for a specific dam.
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Figure 7. Schematic of numerical simulation of seismic waves from source

Next, the ground motions at the Dagangshan dam site in Southwest China is simulated as an example
[12]. The closest active fault is only 4.5 km away from the dam site, and it has an upper bound magnitude of Mw
7.4. Figure 8 shows the numerical model and 9 receivers deployed along the dam base. The rupture area is
assumed to be 60 km in length and 28 km in width. From the profile of the fault, it can be seen that the whole
rupture is discretized into an array of point sources and each point source represents a sub-fault. Both the
velocity structure and surface topography are included in the simulation. Summaries of the global model
information are as follows: 288x240x40 spectral elements are distributed on 120 processors; the total DOFs add
up to 0.54 billion; and the whole computation takes 2.7 hours to finish 20,000 time steps.
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Figure 9. North components of the 9 receivers at dam canyon

Upon the numerical simulation, the acceleration time histories at all the nodes in the SEM model are
computed in three components. The north components of the 9 receivers deployed along the canyon are plotted
in Figure 9. It is apparent that the ground motions are different at the 9 receivers. The peak value of the north
acceleration component at the bottom of the dam canyon (Receiver #5) is 593 cm/s2. However, the east
acceleration component has a peak value of 390 cm/s? at the same point. This indicates that ground motions vary
along different directions. This phenomenon is conventionally not taken into consideration in earthquake-
resistant design, which may be have a significant effect on the seismic response of high dams.
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5. CONCLUSIONS

The damage of Pacoima dam occurred in the 1994 Northridge earthquake is qualitatively reproduced
by the comprehensive analysis model developed at Tsinghua University. This verifies the effectiveness of the
analysis model. Therefore, we may conclude that the comprehensive analysis procedure can represent the real
behavior of arch dams to a certain extent. One key issue is the spatially-varying ground motions along the dam-
foundation interface, which has a significant influence on the seismic damage mode. However, the variation of
ground motions along the dam-foundation is usually unavailable for most dams, particularly new dams under
construction or planned.

The physics-based “rupture-site” approach can simulate the rupture process of the causative fault and
take into account the velocity structure of propagation path and realistic topography, and thus predict site-
specific ground motions for high dams. Therefore, it is a promising method for predicting the ground motions at
dam sites due to maximum credible earthquake. However, the accuracy of the numerical simulation of seismic
waves heavily relies on the models describing the source and propagation path. Therefore, more efforts are
needed from researches in both seismological and engineering fields.
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