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Abstract: The velocity pulse contained in near-fault ground motions have a tremendous impact on
dam safety. Previous studies have mainly focused on the response of dams under near-fault seismic
records without considering the obliquely incident seismic waves. In this study, the structure—soil
interaction (SSI) is taken into consideration, and the nonlinear behavior of a conventional concrete
roller-compacted concrete (CC-RCC) gravity dam under near-fault pulse records and non-pulse
records is investigated with consideration of the obliquely incident P waves. On the basis of the dam
site conditions, three groups of near-fault pulse records are chosen, and three corresponding non-pulse
records are fitted by their acceleration response spectra. Combining with the viscous-spring artificial
boundary, the wave input method is proposed to transform the near-fault seismic records into the
equivalent nodal forces at the boundary of the foundation. The concrete damaged plasticity model is
used for the nonlinear analysis. The results show that the pulse ground motions are more destructive
than the non-pulse motions. The nonlinear behavior of the dam varies with the incidence angle of P
waves and generally reaches a maximum at 60° and 75°, the worst damage occurs at the interface
between different materials of the dam, and the spatial variation of its damage is very obvious under
near-fault seismic records with various incidence angles. Therefore, the effect of the angle of obliquely
incident seismic waves and near-fault pulse effect should be considered comprehensively in the
seismic analysis of dams.

Keywords: CC-RCC gravity dam; near-fault ground motions; structure-soil interaction (SSI); obliquely
incident P waves; viscous-spring artificial boundary

1. Introduction

The meizoseismal area in southwest China is rich in water energy resources [1], and therefore the
problem of selecting sites for high dams and large reservoirs is “difficult to avoid”. Moreover, some
of the high dams that have been built, are under construction, or in the planning stage are located
near the seismic fault zone [1], which is subject to complicated rules of near-fault ground motions.
Near-fault earthquakes occur within 20 km of the fault and include displacement and velocity pulses,
as well as permanent ground displacement [2—4], additionally, their characteristics are remarkably
different from those of far-fault earthquakes. Several major earthquakes in the last twenty years,
such as Northridge (1994), Kobe (1995), Chi-Chi (1999), and Iran (2003), and especially the Wenchuan
earthquake in China (2008) and the earthquake in Haiti (2010) have confirmed the remarkable impact
of velocity pulses contained in near-fault seismic records on building damage [5-9]. At present, based
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on the time-history method and the theory of the response spectrum, the latest “Code for seismic
design of hydraulic structures of hydropower project” (2015) of China does not distinguish between
the near-fault seismic records and far-fault seismic records. In addition, most of the current studies on
near-fault ground motions were based on the uniform seismic excitation method and assumption that
the wave was propagating along a vertical direction [10], because the vertical direction is the weakest
and critical direction in dam structures. However, this assumption did not fully consider the elasticity
of foundation and the structure—soil interaction. It is now generally accepted that the traditional
uniform seismic motion input method would overestimate the response of the dam [11]. Moreover,
many studies have confirmed that quite different responses in infrastructures can occur under the
non-uniform motion caused by oblique incidence [12-14]. According to the current research status, it
is necessary to further analyze the behavior of a dam under near-fault earthquakes. The influence of
the incidence angle of the seismic waves on various dam bodies should also be taken seriously. RCC
(roller-compacted concrete) has been widely used in engineering due to its structural and construction
advantages [15,16], and the joint construction of RCC with other materials has become the future
development trend [17,18]. However, material properties and deformation characteristics of CC
(conventional concrete) and RCC are significantly different from each other, and high deformation
gradients tend to occur at the interface under seismic excitation. In addition, currently, the dynamic
behavior of combined dam structures subjected to obliquely incident seismic waves is rarely considered.
Therefore, it is of great significance to study the dynamic response of the combined dam structures
under the oblique incidence of near-fault ground motions.

Some scholars have done related work on the dynamic characteristics of dams to near-fault ground
motions. Bayraktar et al. [19-21] focused on the dynamic response of different types of dams under
near-fault ground motions and far-fault ground motions, and they indicated the dynamic analysis
of structures under different near-fault earthquakes should be evaluated. Akkose and Seismik [22]
took into account the rock interactions of a dam-water-sediment-foundation system and analyzed
elastoplastic behavior of the dam under near-fault and far-fault seismic records. They concluded
the near-fault earthquakes were more destructive than the far-fault earthquakes. Wang et al. [5,23]
studied the plastic damage response of the dam-reservoir-foundation system of the Koyna dam under
near-fault and far-fault earthquakes and pointed out the important effect of near-fault earthquakes on
dam damage. Altunisik et al. [24] focused their research on the long-period velocity pulse contained in
near-fault seismic records and found that, although the near-fault and far-fault records have the same
PGA (peak ground acceleration), the larger stresses and displacements of the dam were attained under
near-fault records. Moreover, according to the characteristics of near-fault earthquakes, many scholars
have conducted correlation analysis. Yazdani and Alembagheri [25] proposed a seismic demand
model of dams to estimate the vulnerability of the gravity dam subjected to the near-fault earthquakes.
Yazdani et al. [26] compared the dynamic characteristics of a gravity dam under forward-directivity
(FD) and normal near-fault seismic records, and the impacts of FD records on the seismic demand
analysis of structures were discussed. Pang et al. [27] established a new reliability assessment method
for the dam, and the random dynamic response of rockfill dam slopes under near-fault earthquakes
was evaluated.

When studying the seismic dynamic characteristics of a dam, it was usually assumed that seismic
wave propagated along a vertical direction, which was reasonable for far-field earthquakes, but the
wave usually had the obliquely incident angle in near-field earthquakes. Many studies have shown that
there are significant differences between near-field and far-field earthquakes [28-30]. In recent years,
the dynamic response of dams under oblique incidence of near-field seismic waves has been widely
concerned. Xu et al. [31] proposed an input method of oblique seismic waves for three-dimensional
calculation and found the seismic oblique incidence may cause a significant increase in the amplitude
amplification factors of displacement, velocity, and acceleration of the arch dam. Yuan et al. [32] took
radiation damping of foundation and design seismic component into account and found obliquely
incident SV waves and P waves had a greater influence on the area near the interface of dam and
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foundation than that of vertically incident seismic waves. Chen and Zhang [33] discussed the nonlinear
behavior of a gravity dam under obliquely incident SV waves and P waves and pointed out the
vertically incident seismic angle was not suitable for near-field earthquakes. Li et al. [34] analyzed
the nonlinear behavior of a concrete gravity dam under obliquely incident SV waves and P waves.
They found that the damage distribution of the dam was significantly different with the various
incident angle.

The main significance of this research lies in the improvement of the original research ideas.
Most studies on the dynamic response of dam under near-fault ground motions were based on the
uniform seismic excitation method with the assumption of the wave propagating along a vertical
direction. This study investigates the nonlinear dynamic behavior of the CC-RCC gravity dam under
near-fault pulse and non-pulse seismic records, and also considers the effect of the seismic incident
angles. Taking a CC-RCC gravity dam in southwest China as an example, a three-dimensional
nonlinear numerical model of the gravity dam-foundation system is built. From the Pacific Earthquake
Engineering Research Center website (PEER) [35], three as-recorded near-fault earthquake records with
pulse effect are chosen on the basis of the target response spectrum which is determined by the site
conditions. In addition, three corresponding non-pulse ground motions are fitted by the above pulse
ground motions’ response spectra. Considering the P wave incidence of an earthquake, the above six
seismic records are input through the equivalent load force calculation method which is based on the
viscous-spring artificial boundaries. Adopting the concrete damage plasticity(CDP) model [5], the
influence of pulse effect and multi-angle seismic incidence on the gravity dam are considered. In this
research, we present the time-history curves of dam crest horizontal relative displacements and the
maximum of relative displacements and we also analyze the damage distribution of the dam and the
tensile damage of the interface structures. This paper provides a reference for future study on the
nonlinear response of combined dam structures under oblique incident near-fault seismic records.

2. Characteristics and Selection of Near-Fault Ground Motions

2.1. Characteristics of Near-Fault Ground Motions

Currently, the area within 20 km from the fault rupture surface is regarded as a near-fault
field in this study. Because of the directivity effects, fling step effects, and hanging wall/footwall
effects contained in the near-fault earthquakes, near-fault seismic records and far-fault records have
significantly different characteristics [36,37].

When the rupture is exactly on the fault toward the site, and the ruptured velocity is close to the
S wave velocity, the directivity effects occur. Researchers classify the directivity effects as forward
directivity effect, neutral directivity effect, and reverse directivity effect. Among them, the forward
directivity effect is due to the accumulation of energy in front of the propagating rupture, which tends
to aggravate the damage of the infrastructures, therefore, the directivity effect usually refers to the
forward directivity effect. The seismic records with the directivity effect can be seen as a bidirectional
velocity pulse at the beginning with obvious characteristics of long-period and short duration [36], as
shown in Figure 1.

The relative movement of two plates of fault produces the static deformation field, and there is a
permanent ground displacement [38] in the time history curves of displacement near the fault, which
is called the fling step effect. This permanent ground displacement causes a single pulse of velocity,
which is generally parallel to the fault. The hanging wall/footwall effect refers to the phenomenon that
the site located in the hanging wall is closer to the fault than the site located at the same distance from
the footwall, and therefore the ground motion amplitude of the hanging wall is larger.

This paper mainly studies the pulse ground motions caused by the directivity effect which
aggravates the structural damage.
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Figure 1. The time-history curves of acceleration, velocity, and displacement of seismic records.
2.2. Selection of Near-Fault Pulse and Non-Pulse Ground Motions

A comparison with the non-pulse ground motions show that the pulse ground motions have the
greater long-duration velocity and displacement pulse and peak ground acceleration (PGA). The ratio
of PGV (peak ground velocity)/PGA is relatively large in the pulse ground motions, and 0.2 is generally
used as the index to divide the pulse ground motions and non-pulse motions.

The pulse seismic records considered in this study were selected in accordance with the site
response spectrum based on actual engineering. Taking into consideration a gravity dam that is in
southwest China as the research object, the region of seismic intensity for design is VIII degrees, the
designed seismic acceleration is 0.2 g, the site category is II class, and the design seismic grouping is the
first group. The design response spectrum was generated according to the above seismic requirements
and bedrock conditions of the region. The three near-fault pulse records with the best fitting accuracy
were obtained by taking the above design response spectrum as the initial screening condition and
taking into account the earthquake magnitude (above magnitude six), the distance to fault (within
20 km), and the condition of pulse type (PGV/PGA > 0.2). All earthquake records were obtained from
the database of PEER [35], they are at Parachute Test Site station in the Superstition Hills earthquake,
Newhall-W Pico Canyon Rd station in Northridge earthquake, and Parachute Test Site station in
El-Centro earthquake.

The corresponding non-pulse ground motions were synthesized according to the acceleration
response spectra of the pulse records by SeismoArtif software, and the fitting situation is shown in
Figure 2. The red curves show the pulse ground motions, and blue curves show the non-pulse motions.
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Figure 2. Acceleration response spectra for selected near-fault seismic motions.

In addition, the peak accelerations of six seismic records were uniformly adjusted to 0.2 g in order
to avoid being affected by earthquake amplitude, and Table 1 shows the properties of selected seismic
records. Figure 1 shows the time-history curves of acceleration, velocity, and displacement of seismic
records. A comparison with the non-pulse seismic motions show that the pulse seismic motions have
an obvious long period pulse at the beginning stage and have the larger PGV and PGD (peak ground
displacement).

Table 1. Properties of the near-fault pulse and non-pulse seismic records.

Earthquake #1 #2 #3
No. 1 2 3 4 5 6
Ground motion types Pulse-like Non-pulse Pulse-like Non-pulse Pulse-like Non-pulse
Station name PST225 WP1046 EDA270
Rjp (km) 0.95 211 5.09
Magnitude 6.54 6.69 6.53
Duration (s) 2231 2231 24.99 24.99 39.10 39.10
PGA(g) 0.2 0.2 0.2 0.2 0.2 0.2
PGV(cm/s) 61.81 23.58 56.33 29.45 52.89 2127
PGV/PGA(s) 0.315 0.120 0.287 0.150 0.270 0.108

3. The Input Method of the Obliquely Incident P Wave

3.1. The Viscous-Spring Artificial Boundary

In recent years, the structure—soil interaction (SSI) has gained extensive attention, and it can only
be solved by numerical methods due to its complex nature [12]. However, only part of the near-domain
foundation is usually taken in modeling because of the limitation of calculation amount. When the
scattering waves propagate from the selected near-field region into the infinite medium, global or local
artificial boundaries are established to absorb the energy of them, which can simulate the radiation
damping of the continuum. Recently, many artificial boundary conditions have been proposed [39-41],
among them, the viscous-spring artificial boundary has attracted more attention [42—44] due to its
good stability and high accuracy, which takes into account the elastic resilience of the medium and
overcomes the low-frequency instability of the viscous boundary. As shown in Figure 3, the essence of
the viscous-spring artificial boundary is a parallel spring-dashpot system with continuous distribution
applied on the boundary node, the coefficient of the spring and the coefficient of damping can be
expressed as follows [13]:

1 G
Kr=——A = Bpc;A 1
T=17A7 1, Cr = BpcsA 1)

1 A+2G
Ky = —— 270 A Cy = Bpe,A 2
N=TT4 7 1, CN = Bpcp4, )

where Kt and Ky represent tangent spring coefficient and normal spring coefficient, G is the shear
modulus of the foundation, A is the lame constant, r is the distance from the scattering wave source to
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the boundary, A, represents the area of all the elements containing the node I. Cr and Cy are tangential
damping coefficient and normal damping coefficient, p is the medium density, c; is the S wave velocity,
and ¢y, is the P wave velocity. A is the coefficient of 0.8, and B is the coefficient of 1.1.
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Figure 3. The input of obliquely incident P waves and the model of the viscous-spring artificial boundary.
3.2. P Waves Input Method

The complex wave field under seismic excitation can be decomposed into the incident wave,
reflected wave, and scattered wave, which the first two is called free wave field. The artificial boundary
can absorb scattered wave energy to make sure that the input is the free wave field. Liu et al. [45]
proposed a wave input method applicable to the viscous-spring artificial boundary and converted
seismic motions into equivalent loads. Then, they applied the loads on the nodes of the boundary, the
equivalent nodal loads can be expressed as:

Fi(x,y,z,t) = Mu(x,y,z,t) + Cu(x, y,z,t) + Ku(x, y,z,t) 3)

where Fj(x, y, z, t) is the equivalent nodal load, and u(x, y, z, t), u(x, y, z,t), u(x, y, z, t) are the acceleration,
velocity, and displacement of input motions, M is the mass of the soil-structures finite element model,
K and C are the spring and damping coefficients of the spring-dashpot system in Section 3.1.

On the basis of Equation (3), this method has been extended to obliquely incident P waves.
According to the research results of previous scholars [12,13,46,47], the principles of the wave input
method are integrated and redefined according to the previous formulas. The obliquely incident P
waves shear and squeeze when passing through the boundary, and therefore they not only generate
reflected P waves but also reflected SV waves, assuming that incident > waves propagate obliquely
from the bottom left corner, i.e. point P (x, yo, zo) of the model, as shown in Figure 3.

The angle between the incident P waves and the y-axis positive direction is 01, the angle between
the plane determined by the incident waves and the reflected waves and the xoy plane is « (in order to
control a single variable, assuming o is 0° in this research), and the angle between the reflected SV
waves and the y-axis positive direction is 0,. Then, the time-histories of displacement of any point in
three directions under the action of free wave field can be expressed as:

A ¢ B
I . R . 2 p R 2
Dx(t,x,y,2) = (¢psin Oy + ¢psin 01 - A + - “ (g cos O - A_1) cos & 4)
A c B
_ a4l R 2, % R . 2
Dy(t,x,y,z) —¢Pc0561—¢Pcos91'A—l+C—S-¢s stz-A—1 (5)
A c B
D.(t,x,y,z) = (¢hsin 01 + @K sin O - 2.7 ~¢1§Vcos 0, -2)sina (6)
A1 Cs A1

where <j)£, gb?, gv represent the displacement time-history function caused by incident P waves,
reflected P waves, and reflected SV waves, respectively. A;, Ay, and B, correspond to the amplitude



Appl. Sci. 2020, 10, 885 7 0f 18

of the potential function of them. Assuming the medium is homogeneous, isotropic, and elastic,
and considering the wave theory and stress state of element, the equivalent nodal load in the three
directions of the left boundary can be obtained based on Equation (3):

1

Pfl(t, x,1,z) =Ky Dx(t,x,y,2) + Cy - Dx(t, X, Y,z) - (aip + aﬁp + ofsv)z A; (7)
i=1
) 1
FZ(t, x,y,z) = K¢ -Dy(t,x,y,z) + C¢- Dy (t,x,y,2) — (Tiyp + Tfyp + Tﬁysv)z A; (8)
i=1
_ 1
Ffl(t, x,y,z) = KeD;(t,x,y,2) + CtD;(t, x,y,2) — (Tizp + szp + TﬁzSV)Z A; )

i=1

where Dy (t,x,v,2), Dy(t, X,Y,z), Dz(t, x, Y, z) represent the velocity time histories of any point in three
directions, which can be derived by the displacement formulas. The expressions of each normal stress
and shearing stress are shown in Equation (10).

- R R . [ pcp [y+(1—2y) sin? 01 cos? a] pcp [y+(l—2y) sin? 0; cos? a] . 5 ]
Op  Owp Oy T e —sin 260, cos” «
I R R pep|uA-(1-24) cos? 01 pep[p+(1-24) cos? 0; .
Iyp Oyp Tysv [ jE= | [ = ] sin 26,
Gip O'fp O-ESV pep [y+(1—2p) sin? 0 sin? a] pep [y+(1—2p) sin? 01 sin? a] . . 2
_ 1= 1= —sin26; sin“
TI TR TR - H H
;yp ;yp ;ySV Gsin206; cosa/cp —Gsin260; cosa/cp c0s 20, cos a
T T T . . . . .
?ZP Iy{ZP iZSV Gsin20;sina/cp —Gsin26; sina/cp c0s20; sina (10)
Tezp Twzp Tazsv | Gsin? 0; sin2a/cp Gsin? 9 sin2a/cp sin 26, sin 2«
3(1)%, (tx,y,2)
-t 0 0
Ay 8¢)l’§ (txy,z)
X 0 TAC T o 0
R
B, ad’sv(t%%l)
0 0 A, T pcp

where 1 represents the Poisson’s ratio of the foundation.

The equivalent nodal load calculation method on the boundaries of the right, the bottom, the
front, and the back are similar to that on the left boundary, and only the directivity of the stress should
be paid attention to in the calculation.

3.3. Numerical Verification on the Input Method

The element software ABAQUS can implement the input method of seismic waves by modifying
the INP file. The dynamic behavior of three-dimensional uniform elastic half-space under obliquely
incident P waves was discussed to verify the accuracy rate of the input method in this research.
The density of the semi-infinite space medium is 2630 kg /m?, the elastic modulus is 32.5 GPa, and
Poisson’s ratio is 0.22. A cube finite region of 2000 m X 2000 m X 2000 m was cut out, and the cube was
discretized into the solid elements with the side length of 50 m, which meet the requirements of finite
element accuracy, and Figure 4 shows the model of the cube. At the side face and bottom face of the
cube, the artificial boundary was used. Figure 5 shows the input P wave displacement time-history
curve, and the total time is 5.0 s with an interval of 0.005 s.
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Figure 4. Finite element model of the cube.
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Figure 5. The input P wave displacement time-history curve.

Figure 6 shows the vertical displacement time history of point O (1000,1000,2000) when the
incident angles of the P wave are 30° and 45°, respectively. The exact theoretical solution based on
wave theory is also given in the figure. As shown in Figure 6, the numerical solution almost coincides
with the theoretical solution [31], which shows that the input method has the simulation precision.
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Figure 6. Time history of vertical displacement at point O.

4. CC-RCC Gravity Dam-Foundation Numerical Model

4.1. 3D Dam-Foundation Finite Element Model

In this research, the dam is a CC-RCC gravity dam built on the lower Jinsha River between Shuifu
city and Yibin city in Southwest China. The dam is 162 m high, its crest length is 909.26 m, and the
normal depth of the reservoir is 177 m. The dam site is located at the exit of the canyon and the
geological conditions of the foundation are complex, in which the main structural surfaces are flexural
core fracture zones, compression zones, soft interlayers, small faults, and joints. Therefore, the region
is prone to near-fault earthquakes, and the incident angle of seismic waves is difficult to determine.
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The biggest earthquake intensity of this dam site was VI degrees since records began, and this region
also experienced many earthquakes of V degrees.

Taking a typical flood discharge dam section as an example, the three-dimensional gravity
dam-foundation system finite element model and the partition diagram of dam body material are
shown in Figure 7. This discharge dam section is 144 m in height and 196 m in width, and the
foundation extends almost twice of the dam height in upstream, downstream, and downward. C3D8R
units in ABAQUS were used to divide the whole model into 27,630 elements and 12,693 nodes. For
the static step, the node displacements on the truncated model boundary were set to 0 in the normal
direction; for the dynamic step, the spring/dashpot elements were used to simulate viscous-spring
artificial boundary.

14.8m12,3m52.0m 21.5m
P+

282m
196m 5.0m
282m

//

79.0m
144m

4.0m -
5.5m -
26.5m

1 9.0m
20.0m

27.8m 97.3m 43.8m 27.1lm
, Obliquely 287m — ; —
incident P waves R
/ Y Il O II- Conventional Concrete
/

. y J/ , l . ™ @ I -2- Conventional Concrete

[ ® Roller Compacted Concrete

Figure 7. Three-dimensional (3D) gravity dam-foundation system finite element model and the partition
diagram of dam body material.

4.2. Material Parameters and Loading

To reflect the vibration characteristics of the dam more reasonably, the concrete damaged plasticity
damage model (CDP) was adopted for three kinds of materials of the dam. Considering that the
concrete has strong compressive strength, only the tensile damage of the dam was analyzed. Taking
the II-conventional concrete as an example, the strain-stress curve and tensile damage-strain curve
of it are shown in Figure 8. The linear elastic model was selected as the model for the foundation.
The static properties of materials were confirmed by the mechanical test of materials that are used
in actual engineering. The dynamic elastic modulus of concrete and foundation rocks increased by
30% over the static elastic modulus, and the Poisson’s ratio and density of the materials remained the
same [48,49]. The dynamic material parameters of the dam-foundation system are listed in Table 2.
Moreover, the modified Rayleigh damping was adopted in the seismic researches [50,51].

The calculated water level is the normal reservoir level of the dam. The dam was first statically
analyzed under its self-weight and hydrostatic pressure, and the system was then dynamically loaded
under the selected near-fault pulse and non-pulse seismic records. The dynamic load adopted obliquely
incident P wave. Assuming the wave obliquely propagates from the bottom left foundation corner,
with incidence angles of 0°(vertical), 15°, 30°,45°, 60°, 75°, and 90°, respectively. There are 42 (3 x 2 X 7:
3 earthquakes, pulse and non-pulse ground motions, 7 angles) different conditions in total.
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Figure 8. The CDP model parameters of the II-conventional concrete.

Table 2. Dynamics material parameters for the dam-foundation system.

Materials Elasticity Modulus (GPa) Poisson’s Ratio Density (kg/m®)
II-Conventional concrete 42.6 0.167 2489
I-2-Conventional concrete 44.3 0.167 2487
Roller compacted concrete 47.4 0.167 2476
Foundation rock 30.4 0.170 2800

5. Results and Discussion

In this research, the nonlinear dynamic behavior of the dam body under three groups of pulse
and non-pulse seismic records with consideration of the seismic incident angle was investigated.
The time-history curves of dam crest horizontal relative displacements and the maximum relative
displacements with various incident angles are presented. Damage distribution of the dam and the
tensile damage of the interface structures are also analyzed and compared with each other.

5.1. Horizontal Relative Displacements of the Dam Crest

Because the dam monolith is unsymmetric and the foundation is elastic, it is necessary to evaluate
the relative displacements separately in opposite directions. The horizontal relative displacements of
the dam crest (point A) to the bottom left corner (point B) and the bottom right corner (point C) of the
foundation are analyzed, respectively, and Figures 9 and 10 show the time-histories of them. Here,
limited to space, only the displacements of the dam crest under an incident angle of 75° are shown.
The red curves show the pulse seismic records, and blue curves show the non-pulse records.
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Figure 9. The horizontal displacement of point A with respect to point B (under the input angle of 75°).
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Figure 10. The horizontal displacement of point A with respect to point C (under the input angle
of 75°).

The horizontal relative displacements of the dam crest vary with the input seismic waves
displacement time histories. Although the selected near-fault pulse seismic records and non-pulse
records have the same PGA, the pulse records are more destructive to the dam than the non-pulse
records. When the input angle is 75°, the maximum relative displacements of point A with respect to
point B under three pulse ground motions are 0.184 m, 0.183 m, 0.146 m, respectively. The maximum
relative displacements of point A with respect to point B under three non-pulse ground motions are
0.113 m, 0.110 m, 0.093 m, respectively. The average maximum relative displacement of point A and
point B under pulse seismic motions is 1.62 times as compared with that under non-pulse seismic
motions, and the average maximum relative displacement of point A and point C under pulse seismic
motions is 1.71 times as compared with that under non-pulse seismic motions.

It is worth noting that the horizontal relative displacements between the dam crest and the
different parts on the foundation are different. It can be seen that the previous analysis method which
assumes the foundation to be rigid cannot truly reflect the vibration performance of the dam body.

The maximum absolute values of the displacement time-history curve under various input angles
are extracted and compared with each other, as shown in Figures 11 and 12. The dynamic response of
the dam under pulse seismic motions is remarkably higher than that under non-pulse seismic motions
in all cases, especially when the incidence angle is large.

Figure 11 shows that with an increase of the P wave incident angle, the relative displacements
first increase and then decrease. The maximum relative displacement between point A and point B
under the three near-fault pulse seismic records reaches the maximum value with the input angle of
75°, and they are 7.48, 6.84, 3.54 times that with the angle of 0°, respectively. The maximum relative
displacement between point A and point B under the three non-pulse earthquake records also reaches
the maximum value with the input angle of 75°, and they are 4.31, 4.14, 3.02 times higher than that
at the angle of 0°, respectively. The maximum relative displacement between point A and point C
under the three near-fault pulse earthquake records reaches the maximum value with the input angle
of 60°, and they are 2.44, 2.27, 2.81 times higher than that at the angle of 0°, respectively. The maximum
relative displacement between point A and point C under the three non-pulse earthquake records also
reaches the maximum value with the input angle of 60°, and they are 2.24, 2.02, 3.82 times higher than
that at the angle of 0°, respectively. That indicates the traditional assumption of the wave propagating
along a vertical direction cannot reasonably reflect the real situation.

Figure 12 shows the maximum absolute value of the relative horizontal displacements of point
A with respect to points B and C, respectively. The relative horizontal displacement increases with
the ratio of PGV/PGA. (Although the PGV/PGA ratio of Earthquake #3 is not the largest, it has the
longest duration, so the damage of the dam is serious [52] and the curves have a slight drop at the
end in Figure 12.) which indicates that the velocity pulse has a prominent impact on the dynamic
displacement of the dam.
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Figure 12. The maximum absolute value of the relative horizontal displacements (under different
PGV/PGA ratio).

5.2. Damage Distribution of Dam

The damage profiles of the dam under three groups of near-fault pulse seismic motions and
non-pulse seismic motions, with consideration of the incident angle of seismic waves, are shown in
Figure 13. When the P wave incident angles are 0° and 90°, the dynamic response of the dam is very
small, which is not shown in this paper. The tensile damage factors of the dam body (shown in the
software according to the calculated stress of the finite element) are represented in the top left corner of
the figures.

As shown in Figure 13, the damage is concentrated in the part at the junction of three different
materials of the dam body, as well as the longitudinal seam and the inflection points of the dam. With
an increase of the incident angle of the P wave, the damage of the dam tends to increase first, and then
decrease. The worst damage of the dam occurs when the incident angles of the P wave are 60° and 75°,
which is also synchronous with the law of displacement of the dam crest. In addition, near-fault pulse
seismic motions are more destructive to the dam than non-pulse seismic motions when the input angle
of the P wave is the same. It is noteworthy that in some cases, the dam damage subjected to non-pulse
seismic motions with a small angle of P waves is more severe than that subjected to pulse seismic
motions with a large angle of P waves, which shows that seismic incidence angle is also a significant
factor besides pulse effect.
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Figure 13. The seismic plastic-damage response of the gravity dam under pulse and non-pulse

ground motions.
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5.3. Damage Analysis of Interface Structures

As can be seen from Figure 13, the worst damage of the dam body occurs at the interface between
II-CC and RCC, and the inflection point of the dam. Under the action of complex dynamic load,
the interface of different materials is a weak link, and the spatial variation of its damage is very
obvious, as shown in Figure 14. The solid curves represent the pulse ground motions, and dash curves
represent non-pulse ground motions. The damage here is the damage of the dam at the end of the
near-fault earthquakes.
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Figure 14. The spatial variation of dam body tensile damage.

Under the pulse ground motions, the greatest damage occurs in the part (4 to 7 m range) close to
the junction of the three materials of the dam, and the maximum is about 0.9. The second peak point of
damage curves appears right above an inflection point which is at the lower-right part of the dam,
about 30 m from the junction point. Under the non-pulse records, the maximum damage occurs at the
interface endpoint, in which the maximum is about 0.9. Although the second peak also appears right
above an inflection point which is at the lower-right part of the dam, it is less than 0.3 and obviously
smaller than that under pulse records. The differences between the damages caused by the two types
of seismic motions are not only the numerical magnitude but also the spatial distribution. In addition,
it can be found from the figures that the difference between the damage of the dam under pulse seismic
motion records and that under non-pulse seismic motion records goes up with the incidence angle.
It can also be inferred that with an increase of earthquake magnitude, the impact of pulse ground
motions to the dam increases.

Figure 15 shows the tensile damage on inflection point D under the input angle of 45°, 60°, 75°,
respectively. The red curves show the pulse ground motions, and the blue curves show the non-pulse
motions. When the P wave incident angle increases, the damage of the inflection point is more and
more serious. In addition, the maximum of tensile damage under pulse ground motions with the
incident angles of 45°, 60°, and 75° are 2.96, 2.22, and 2.26 times higher than that under non-pulse
ground motions with the incident angles of 45°, 60°, and 75°, respectively.
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Figure 15. Tensile damage on inflection point D of the dam.

5.4. Summary of Results

On the basis of the dynamic behavior of a dam under near-fault ground motions, it can be seen
that the near-fault pulse ground motions are more destructive than the non-pulse ground motions.
When the incidence angle is 75°, the average maximum relative displacement of dam crest point with
respect to bottom left (bottom right) corner under pulse records is 1.62 (1.71) times higher than that
under non-pulse records. The response of the dam increase with the ratio of PGV/PGA.

With an increase of the P wave incident angle, the displacement of the dam crest and the damage
of the dam first increase, and then decrease; when the incident angle of P wave is 60° or 75°, the
dynamic response of the dam reaches the maximum. The maximum relative displacement of dam crest
point with respect to bottom left (right) corner under the three near-fault non-pulse ground motion
records reaches the maximum value at 75° (60°), and they are 4.31, 4.14, 3.02 (2.24, 2.02, 3.82) times
higher than that with the vertical incidence of seismic waves, respectively.

In addition, the damage of the gravity dam under non-pulse records with a small incident angle
of the P wave is more severe than that under pulse records with a large incident angle of the P wave.
For example, in three earthquakes, the damage of the dam under non-pulse ground motions with the
incident angle of 75° is more serious than that under pulse ground motions with the incident angle of
0°.

Moreover, the worst damage of the combined dam structure occurs at the interface structures, and
the spatial variation of the damage on the interface of different materials varies with different types of
near-fault earthquakes and seismic incident angles. The maximum damage occurs at different part of
the interface under different earthquakes.

6. Conclusions

In this research, the nonlinear dynamic response of a CC-RCC combined dam structure under
near-fault pulse seismic records and non-pulse records with consideration of the incidence angle of
seismic P waves is investigated. The selected seismic records have the same PGA of 0.2 g. Different
from the uniform excitation input method, this study takes the dam-foundation system into account.
Combining with the viscous-spring artificial boundary, the wave input method is used. The relative
horizontal displacements between the dam crest and foundation, and damage of the gravity dam under
P wave incidence angles of 0° (vertical), 15°, 30°, 45°, 60°, 75°, and 90° are analyzed. Conclusions are
as follows.

(1) When the seismic incident angle is the same, the destruction of the dam to the near-fault pulse
ground motions is significantly larger than that to the non-pulse motions. In addition, the relative
horizontal displacement of the dam crest increases with the ratio of PGV/PGA in the entire trend.

(2) When the seismic incident angle increases, the nonlinear behavior of the dam increases first,
and then decreases, and generally reaches the maximum when the incidence angle is 60° and 75°.

(3) In some cases, the damage of the gravity dam subjected to non-pulse records with considering
the small incident angle of the P wave is more severe than that subjected to pulse records with
considering the large incident angle of the P wave.
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(4) The worst damage of the dam body occurs at the interface between II-CC and RCC, and the
inflection point of the dam. The interface of different materials is a weak link, and the spatial variation
of its damage is very different subjected to obliquely incident seismic records.

The response of combined dam structure under near-fault ground motions is complicated. Due
to the limitation of space, this paper only discusses the oblique incidence of the P wave. In practical
engineering, SV wave and SH wave should be considered comprehensively.
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