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Abstract— Near-fault seismic records strongly influenced by forward directivity are characterized
by one or more large pulses in velocity time histories. The characteristics of these records are
significantly different from ordinary records. This study evaluated the correlation between the
intensity indices of pulse-like ground motion and crest settlement of embankment dams and their
ranking according to quality was evaluated. The seismic behavior of five embankment dams with
different heights was investigated under 105 pulse-like and 20 ordinary ground motions with over
680 nonlinear time history analyses. The results showed that inelastic structural ground motion
intensity indices are more applicable than elastic indices to predict the settlement of embankment
dams. The proposed inelastic structural ground motion intensity (Iwpp) calculates the mean
permanent displacement of a single degree of freedom (SDOF) system over a period of 0.2T; to
1.5T; (where Ty is the natural period of the dam) based on Newmark’s method using a decoupled
approximation and deformable SDOF instead of a rigid block system. The non-structure ground
motion intensity index lya (where Iy, is the square root of the product of peak ground velocity and
plain integral of the squared acceleration) is proposed as a good predictor for the nonlinear
response of embankment dams.
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1. INTRODUCTION

Near-fault ground motion is typically assumed to be restricted to within 20 to 30 km of a fault. However,
this definition is not universal because near-fault effects attenuate as distance increases which, in turn,
leads to a greater effect of factors such as magnitude and local site conditions on ground motion. The
distinguishing characteristics of near-fault ground motion are the pulses generated by the directivity and
fling-step effects. These pulse-like ground motions often contain one or more distinct pulses in the
acceleration, velocity and displacement time histories, most frequently in velocity [1].

A challenging issue in seismic risk analyses and performance-based earthquake engineering is the
determination of the correlation between damage suffered by structures and ground motion intensity
indices. Most studies thus far have been limited to the responses of a single degree of freedom (SDOF)
system [2, 3] and building structure response [4-6]. There has been no study in this field on embankment
dams.

Research on the relationship between the intensity indices of near-fault ground motion and structural
demand parameters is scarce and there are no widely-accepted indices representing the intensity of near-
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fault ground motion [7, 8]. Studies on the effect of near-fault ground motion on the seismic behavior of
dams and slope stabilities are limited [9, 10] and all agree that the effect of near-fault ground motion is
great. Bayraktar [9] used one near-fault and one far-field ground motion to show that near-fault ground
motion can create larger displacement and stress in concert dams. Gazetas [10] used simple pulse-like
ground motion to represent near-fault ground motion to calculate slope displacement under excitation. He
concluded that upper-bound sliding displacement from near-fault excitation may substantially exceed the
values obtained from some currently available design charts.

This study evaluated the correlation between the intensity indices of pulse-like ground motion and the
seismic response of embankment dams and their ranking according to quality was evaluated. For this
purpose, 105 pulse-like near-fault records were used as input ground motions. In addition, 20 ordinary
records (without pulse in velocity time history) were used for compression with pulse- like records.

The settlement of embankment dams was selected as the demand response and was calculated using over
680 nonlinear time history analyses for four hypothetical dams with different heights and a real
embankment dam.

2. ELASTIC GROUND MOTION INTENSITY INDICES

Generically, the intensity indices of ground motion contain acceleration-related, velocity-related,
displacement-related and compound parameters. The first three indices are only appropriate when the
systems are high-frequency, intermediate frequency and low frequency, respectively. Furthermore, some
intensity indices are dependent on the dynamic characteristics of a structure, such as the pseudo spectral
acceleration at the natural period of a structure (PSa(Ty)). Others are non-structure-specific (or period-
independent), such as peak ground acceleration. The simplest and the most commonly known ground
motion intensity indices (GMIIs) are peak ground acceleration (PGA), peak ground velocity (PGV), and
peak ground displacement (PGD) and are available from the ground motion record. The plain integral of
the squared acceleration (as), squared velocity (vs;) and squared displacement (d,) are used as GMlIs,
where t; is the total duration of the ground motion.

ag = j; 2(Odt (@), Vg = j; V(dt (), dyg = j; d2(®dt (0) (1)

Other measures of seismic destructiveness can be obtained by the mean-square value of the acceleration
history (ams), the mean-square value of the velocity history (vps) and the mean-square value of the
displacement history (dys). These GMIIs are:

1, 1t 1 e,
am = [ 2200 @ V= [VOR 0 [0 @ @

t,-1 -t 274

In this study, the interval between t; and t, is the significant duration (t;) of motion; the interval
between instants ts and tos (tg = tos- ts) [11]. Other common intensity parameters that may be calculated
from the ground motion trace are the Arias intensity, cumulative absolute velocity and displacement. The
Avrias index was proposed as a measure of earthquake intensity by calculating the integral of the squared
acceleration (Eg. (3)). It is interpreted as the sum of the energies dissipated per unit of mass by a
population of damped oscillators of all natural frequencies where g is the acceleration of gravity [12].

T (U
N =2—gj0 a?(t)dt 3)

1JST, Transactions of Civil Engineering, Volume 37, Number C1 February 2013



Correlation between settlement of embankment dams and... 113

GMIllIs are based on the time integral of the absolute ground velocity, and displacement are
cumulative absolute velocity (CAV) and cumulative absolute displacement (CAD). These GMlIs are
calculated as:

CAV:EW%D@ @) CAD=£mem (b) @)

Fajfar et al. [13] proposed a compound index as a measure of the ground motion capacity to damage
structures with fundamental periods in the intermediate period range:

l. =PGV-t,>% (5)
Riddell and Garcia [14] proposed similar GMIIs that can minimize the dispersion of hysteretic energy
dissipation spectra for inelastic systems at three frequency sets. These GMIIs are calculated as:
2
1

1 ot 1
I, =PGA-ts3 (a), I, =PGV?3 -tz (b), I, =PGD-ts3 (c) (6)

PGV/PGA is a compound intensity index that describes the frequency characteristics of ground
motion and is also employed to characterize the intensity of near-fault ground motion. If the PGV/PGA
ratio is large, it means that the ground motion may have a long-period velocity pulse. The square root of
the product of peak ground velocity and plain integral of the squared acceleration (lya) is proposed as a

newly compounded GMII:
lya =4PGV-ay (7)

Correlation coefficients between 1,,, and other GMIIs are summarized in Table 1.The spectral
acceleration at the fundamental period of a structure, PSa, is a widely employed parameter obtained from
the pseudo-acceleration response spectrum. Other common structural GMIIs computed from the response
spectra of the ground motion record are the Housner intensity (HI) [15], acceleration spectrum intensity
(ASI) [16], effective peak acceleration (EPA) and effective peak velocity (EPV) [17].

Table 1. Correlation coefficient between Iy and other GMIIS for pulse-like records

GMII PGA N s l. | PGV | Vg | Vs IF I, | CAV
o 65 95 68 80 87 63 79 76 61 76

GMIl | PGVIPGA | PGD | dg | O lg | CAD | EPA | ASI | EPV | HI
o 12 44 32 42 36 48 64 64 80 90

HI is calculated as the area under the pseudo-velocity spectrum (5% damped) of a ground motion for
a period of 0.1-2.5 s. This parameter captures important aspects of the amplitude and frequency content
(of primary importance for structures) in a single parameter. ASI is defined as the area under the elastic
pseudo-acceleration spectrum (5% damped) for a period of 0.1-0.5 s. This parameter is introduced to
characterize strong ground motion for the analysis of structures that have fundamental periods of less than
0.5s. The HI and ASI ground motion intensity indices are calculated as:

2.5
HI = J‘OIlPSV(T, £=0.05)dT (8)

AS|= LOfPSA(T,g =0.05)dT 9)

In Eqg. (10), the EPA is calculated as the mean pseudo-acceleration spectrum (5% damped) for a
period of 0.1-0.5 s divided by the empirical factor 2.5. EPV is the elastic 5%-damped pseudo-velocity
spectrum at period T = 1s divided by 2.5:
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EPA=(Mean(PSa( T;,i=0.1,...,05 )))2.5 for &=0.05 10)
Current performance-based seismic design and evaluation methodologies prefer the intensity index,
which is the mean of the elastic response spectrum for a period of 0.2T; to 1.5T; (where T is the natural
period of the structure) [18, 19]. This intensity index, Ipc, is calculated as:

Inc = Mear(PSa( T;,i=0.2T,,..,1.5T )) for £=0.05 a1

3. INELASTIC GROUND MOTIONS INTENSITY INDICES

GMIIs based on elastic response, such as design spectrum intensity (Ips), do not consider the inelastic
behavior of a structure and may not be appropriate for near-fault sites where the inelastic deformation can
be significantly larger than the deformation of the corresponding linear system. For such sites, scaling
methods and GMIIs based on inelastic deformation are more appropriate. In addition to non-structural and
elastic structural GMIIs, four inelastic GMIIs have been examined for their correlations with crest
settlement in embankment dams. These methods are based on the Newmark displacement method [20]
which introduced a simple model to estimate coseismal slope displacement. Newmark’ displacement can
be used to investigate the effect of ground motion on the nonlinear behavior of geotechnical structures
[21] and also to evaluate seismic shear strength of landslides by back-calculation method [22].

Originally, the Newmark method modeled a landslide as a rigid friction block that slides on an
inclined plane when subjected to base accelerations approximating an earthquake. Landslide displacement
is estimated by integrating twice with respect to time over portions of an earthquake acceleration-time
history that exceed the yield acceleration (k) required to overcome basal resistance and initiate sliding. It
can be calculated based on the geometry of the model and shear strength parameters of the geotechnical
structure. Because the Newmark method does not consider the effects of elastic dynamic response, other
studies refined and expanded on it to account for the deformability of the system and the dynamic
displacement. These approaches generally fall into the categories of coupled and decoupled methods. In
coupled methods, the dynamic response and slip displacement are simultaneously taken into account in the
solution of the differential equation. In the decoupled methods, the computation of the dynamic response
and slip displacement can be decoupled and carried out separately. To measure permanent displacement
using the decoupled method, the system can be classified as a SDOF, a series of SDOF, or a generalized
mass system [23, 24].

For example, to calculate the permanent displacement of a SDOF system using the decoupled
method, the absolute acceleration time history response of the SDOF system on the interested frequency is
obtained using Eq. (12). In this equation, w, is the undammed natural frequency of the system, & is the
damping ratio and aq is the ground acceleration. This absolute acceleration time history is then used in a
Newmark method analysis to obtain permanent displacement.

§+ 20,y +wiy =-a,(t) (12)

The procedure used to obtain Newmark’s displacement of record No.17 assuming ky = 0.1g is shown
in Fig. la. In addition, the absolute acceleration and permanent displacement spectrums of the SDOF
system calculated using the decoupled method are shown in Figs. 1b and 1c for this record.

The inelastic GMIIs used in this study are: ND, Newmark’s displacement; PDD (T;), permanent
displacement of the SDOF system (5% damped) using the decoupled method at the natural period of an
embankment dam (T,); luep, the mean permanent displacement of SDOF for a period of 0.2T; to 1.5T,
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calculated using the decoupled method (Eg. (13)); Inep, the mean permanent displacement of SDOF for a
period of 0.1-2.5 s calculated using the decoupled method (Eg. (14)):

lwep = Mean(PDD( T;,i =0.2T;,...,1.5T )) for £=0.05 13)

lpp =Mean(PDD( T;,i=0.1,...,2.5)) for £=0.05 14)

Referring to the concept of lypp and Iypep, they can be used as posterior intensity index for selection
and scaling ground motion for use in nonlinear dynamic analyses such as seismic stability of slopes or
nonlinear seismic response of embankment dams.
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Fig. 1. a) The procedure to obtain Newmark’s displacement of record No.17; b) absolute acceleration
spectrum of record No.17; ¢) permanent displacement spectrum of record No.17

4. GROUND MOTION

To investigate the correlation between the seismic response of an embankment dam and different GMlIs, a
database of 105 unscaled pulse-like earthquake ground motion records identified as having distinct
velocity pulses and 20 unscaled ordinary earthquake ground motion records were selected from the Next
Generation Attenuation (NGA) project [25]. Record sequence numbers of the selected ground motions are
listed in Table 2. Pulse-like ground motions were oriented in the fault-normal direction. Fig. 2 shows the
velocity-time history of pulse-like record No.17 as an example. The ground motion set employed covered
February 2013 1JST, Transactions of Civil Engineering, Volume 37, Number C1
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a wide range of earthquake intensities that impose responses in the elastic and inelastic ranges for the
embankment dams analyzed. Fig. 3 presents the distribution of the pulse-like ground motion given in
Table 2 as a function of earthquake magnitude and closest distance to rupture. The distance range covered
suggests that the records represent near-fault ground motions. Near-fault records having distances of less
than 30 km dominate the set. The distributions of PGA, PGV and PGD for the selected pulse-like ground
motion set are depicted in Fig. 4. As seen, a wide range of ground motions intensities are covered by the
ground motions selected.
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Fig. 2. Velocity time history of record No.17
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Fig. 3. Magnitude and distance distribution of the ground
motion used in the present study
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Table 2. Pulse-like and ordinary earthquake ground motion record selected from PEER NGA database

Pulse-like records Ordinary records
No NGA [No NGA | No NGA | No NGA | No NGA | No NGA
1 33 23 250 | 45 719 67 1016 89 1496 1 15
2 126 24 292 46 721 68 1045 90 1499 2 57
3 150 25 316 47 728 69 1050 91 1510 | 3 326
4 158 26 367 48 752 70 1052 92 1511 | 4 355
5 159 27 407 49 763 71 1119 93 1515 5 470
6 161 28 415 50 764 | 72 1148 94 1519 6 520
7 165 29 418 51 765 73 1158 95 1528 7 535
8 167 30 448 52 766 74 1161 96 1530 | 8 551
9 170 31 451 53 767 75 1176 97 1531 9 621
10 171 32 459 54 768 76 1182 98 1548 | 10 672
11 173 33 461 55 802 77 1202 99 1550 | 11 701
12 174 34 495 56 803 78 1244 | 100 1642 | 12 761
13 175 35 496 57 821 79 1476 | 101 1752 | 13 773
14 178 36 517 58 828 80 1477 | 102 1853 | 14 776
15 179 37 529 59 900 | 81 1480 | 103 2457 | 15 900
16 180 38 540 60 959 82 1481 | 104 2495 | 16 944
17 181 39 568 61 960 | 83 1483 | 105 2627 | 17 988
18 182 40 595 62 982 84 1484 18 1003
19 183 41 615 63 983 85 1486 19 1039
20 184 42 645 64 1004 | 86 1489 20 1043
21 185 43 668 65 1009 | 87 1493
22 192 44 692 66 1013 | 88 1494
1JST, Transactions of Civil Engineering, Volume 37, Number C1 February 2013
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Fig. 4. Distribution of PGA, PGV and PGD of selected ground motions

5. CREST SETTLEMENT OF EMBANKMENT DAMS AND
GROUND MOTION INTENSITY INDICES

GMIls proposed by different researchers describe the capacity of various ground motions to damaged
structures, as described in Section 2. An intensity index is applicable when it correlates highly with
demand response. For example, if the GMII increases or decreases, the response gquantity changes
accordingly. To observe the applicability of different GMIIs in predicting destructive ground motions on
deformable multi-degree systems, the seismic behavior of embankment dams (crest settlement) were
studied.

a) Embankment dam characteristics and natural frequencies

Four hypothetical dams with heights of 50 m, 100 m, 150 m, and 200 m and a real embankment dam
were studied to consider the effect of dam frequency on dynamic response. The Success dam is a rolled-
earthfill embankment 44 m high and 1038 m long. It consists of a central impervious core along with
upstream and downstream shells. The shells of the embankment were constructed on in situ recent
alluvium that may be susceptible to liquefaction during a seismic event [26]. Two-dimensional plain strain
models were used in these nonlinear analyses. Numerical analyses were conducted using FLAC2D based
on continuum finite difference discretization using the Langrangian approach. The geometry and mesh
pattern of the 50 m high dam (Dam I) and Success dam are illustrated in Fig. 5a and Fig. 5b, respectively.
The dimensions of Dams 11, 111, and 1V are 2, 3 and 4 times larger than Dam I, respectively.

Location of settlement monitoring

Quiet boundary
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Down-shell 44m
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= 19m
4

(b)

Fig. 5. Geometries, material zones and mesh pattern of: (a) Dam I; (b) Success Dam
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As illustrated in Fig. 6, to simulate real boundary conditions, quiet and free-field boundaries available
in the code were adapted for the horizontal and lateral boundaries, respectively. For a quiet boundary,
dashpots were attached independently to the boundary in the normal and shear directions, providing
viscous normal and shear tractions. The quiet boundary prevents the reflection of outward propagating
waves back into the model and allows the necessary energy radiation. A free-field boundary enforces free-
field motion at the lateral boundaries of the model such that these boundaries simulate the conditions
identical to those in an infinite model. In FLAC, the free-field boundaries are coupled with viscous
dashpots to simulate a quiet boundary. The foundation and embankment soils of hypothetical dams were
modeled as elastic and Mohr-Coulomb elasto-plastic, respectively. In addition, both of these constitutive
models were combined with Hardin/Drnevich hysteretic damping to provide energy dissipation in the
elastic range [27].

free field
free field

=
I“‘E‘ M

Seismic wave
Fig. 6. Boundary conditions of dam models

The dynamic properties of materials used in the analyses of hypothetical dams are presented in Table
3. The modulus reduction factor (G/Gna) for different soil types used in embankment dams is shown in
Fig. 7a. Fig. 7b shows the profile of shear wave velocity in the dam body. To analyse Success
embankment dam, a bounding surface hypoplasticity constitutive model (Wang model) was used. The
dynamic properties of materials used in the analyses of Success dam are presented in Table 4 [26]. For an
accurate representation of wave transmission through the soil model, the spatial element size (AL) must be
less than approximately one-tenth the wavelength (L) associated with the highest frequency component of
the input wave. Based upon the elastic properties and mesh size of the FLAC models, the excitation input
records were filtered to remove frequencies above 7 Hz before being applied to the models.

The natural frequencies of the dams were calculated to study their effects on the correlation
coefficients. To determine the natural frequencies of vibration, the excitation function in Eq. (15) was
applied at the crest in the discretized model in the x-direction:

f(t) =psin@@aft) for 0<t<t, . f(t)=0 for t>t, where t, =1/f, (15)
Table 3. Dynamic properties of Dam | to Dam 1V
Shell .
Core Upstream Downstream Foundation

Dry unit weight (kg/m°) - 2200 2200 -
Saturated unit weight (kg/m°) 2200 2350 2350 2400
Poisson’s ratio 0.45 0.40 0.40 0.30
Cohesion (N/m?) 0.0 0.0 0.0 -
Friction angle (degrees) 30.0 45.0 45.0 -
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Table 4. Dynamic properties of Success dam
Core Shell | Shell | Recentalluvium | Recent alluvium | OId alluvium
(USs) | (DS) (US) (DS)
Void ratio 0.773 | 0.392 | 0.39 0.685 0.685 0.620
Friction angle 18-41 37 37 36 36 41
Go: Model parameter 200 335 336 260 354 1230
k: Model parameter 0.02 0.002 | 0.00 0.002 0.002 0.002
h: Control stress- 1.663 | 0.308 | 0.44 0.189 0.227 1.200
k; : Control pore 100 100 100 1 3 100
pressure generation
d: Control cyclic pore 1 1 1 0.55 0.55 1
pressure generation
R,/ Ry :Dilation line 1 1 1 0.85 0.85 1
b: Control shape of 2 2 2 2 2
effective stress path
0 : 1 S
) : S SR
50 |-. - core " : g 08 ‘\\
E ! : = .
= 100 |- ==Upshell ! : S 06 |_._ core \-,.‘.\
'§ 150 Down-Shell : | g 0.4 Shell \\
*+++e+Foundation 1 2 02 ... Foundation RN
200 [ | 'é 0 el
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Shear velocity (m/s) Cyclic strain (%)
@) (b)

Fig 7. a) Profile of shear wave velocity in dam body; b) Variation of shear modulus reductions with strain

The problem was analyzed for 25s and the displacement-time history was saved for a select location.
At the end of dynamic analysis, a power spectrum analysis was performed on the displacement-time
history data set and the results of frequency versus amplitude of the power spectrum were plotted. The
frequencies corresponding to the sharp spikes in the amplitude of the power spectrum were read from the
frequency-amplitude plot. These frequencies were interpreted to represent the natural frequencies of
vibrations of the problem. The lowest frequency value corresponds to the first natural frequency
(fundamental frequency). Figure 8 shows the procedures used to determine natural frequencies for a 150 m
high dam. The estimated values for the natural frequencies of different dams are presented in Table. 5. It is
evident that these are modal frequencies in the elastic range and they constantly change in a nonlinear
system as component yielding gradually progresses.

b) Correlation results for embankment dams

Permanent crest settlements were used as nonlinear dynamic response. Figure 9 shows crests
settlement time history for Dam Il under excitation of record No.17. Values of crest settlement for Dam |1
under pulse-like ground motions and PGV of these records are summarized in Table. 6. Variations in crest
settlement (see Table. 6 for Dam I1) versus GMIIs are illustrated in Fig. 10. All correlation coefficients in
this study were calculated using Eq. (16). The correlation (p) between parameters I and R was measured
and the curve with the same form of power function was fitted for n parameter pairs and R = aI®, where a
and [ are the nonlinear regression parameters. Notice that when the correlation coefficient between I and
R was larger, the dispersion was smaller. Also, the correlation coefficient was the same for indices that
differ only by a constant or by the exponent (correlation coefficient of as, equals the correlation coefficient
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of the square root of as or 14). For instance, substituting values of Table 6 (assuming PGV=I and crest
settlement=R) in Eq. (16), the correlation coefficient between crest settlement and PGV is equal to 0.706.
The correlation coefficients between the crest settlement of the embankment dams and GMlls are
summarized in Table 7.

n» (InLInR)=>"Inl.> IR

p= (16)
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Fig. 8. Natural vibration of Dam Il1: (a) problem setup for natural frequency determination and applied load; (b)
transverse vibrations; (c) natural frequency via FFT power spectrum of (b)

Table 5. Natural frequencies and periods of dams

Model Height (m) First natural frequency (Hz) Natural period (sec)
I 50 2.87 0.35
I 100 1.53 0.65
i 150 1.06 0.94
v 200 0.81 1.24
Success 44 1.92 0.52
0

Crest settlement (m)
N

0 10 20 30 40
Time (sec)

Fig. 9. Crest settlement time history of Dam Il under excitation of record No.17
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c) Success dam under pulse-like record excitation
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Table 6. PGV values of pulse-like records and crest settlement of Dam 11

No PGV S No PGV S No PGV S No PGV S No PGV S
(m/s) | (m) (m/s) | (m) (m/s) | (m) (m/s) | (m) (m/s) | (m)
1 021 | 021 | 22 | 027 | 000 | 43 | 0.20 | 0.30 | 64 | 0.61 | 3.12 | 85 0.42 | 0.24
2 064 | 325 | 23 | 032 | 088 | 44 | 024 | 047 | 65 | 0.32 | 043 | 86 0.46 | 1.10
3 051 | 076 | 24 | 041 | 054 | 45 | 015 | 0.10 | 66 | 0.77 | 1.74 | 87 0.41 | 0.94
4 044 | 110 | 25 | 036 | 045 | 46 | 052 | 0.73 | 67 | 0.12 | 0.24 | 88 0.61 | 0.83
5 053 | 133 | 26 | 032 | 1.70 | 47 | 028 | 0.86 | 68 | 0.88 | 1.67 | 89 0.43 | 0.80
6 036 | 0.08 | 27 | 038 | 0.84 | 48 | 035 | 230 | 69 | 0.48 | 069 | 90 0.35 | 0.64
7 031 | 164 | 28 | 044 | 165 | 49 | 030 | 031 | 70 | 056 | 220 | 91 0.88 | 2.56
8 0.09 | 004 | 29 | 034 | 025 | 50 | 022 | 051 | 71 | 0.72 | 278 | 92 0.68 | 2.47
9 055 | 073 | 30 | 0.30 | 047 | 51 | 038 | 051 | 72 | 0.19 | 0.09 | 93 0.58 | 1.38
10 | 115 | 295 | 31 | 062 | 138 | 52 | 045 | 121 | 73 | 059 | 1.17 | 94 0.44 | 0.34
11 | 047 | 041 | 32 | 035 | 085 | 53 | 048 | 091 | 74 | 051 | 047 | 95 0.68 | 0.83
12 | 041 | 094 | 33 | 039 | 100 | 54 | 035 | 1.14 | 75 | 050 | 2.09 | 96 0.62 | 0.58
13 | 022 | 012 | 34 | 043 | 201 | 55 | 055 | 1.39 | 76 | 058 | 1.98 | 97 0.33 | 0.30
14 | 041 | 028 | 35 | 0.27 | 040 | 56 | 0.71 | 191 | 77 | 045 | 1.81 | 98 0.76 | 0.30
15 | 077 | 105 | 36 | 026 | 0.78 | 57 | 0.94 | 271 | 78 | 0.75 | 2.94 | 99 0.53 | 0.81
16 | 091 | 256 | 37 | 0.72 | 169 | 58 | 0.82 | 289 | 79 | 043 | 0.46 | 100 | 0.14 | 0.15
17 | 112 | 323 | 38 | 034 | 069 | 59 | 056 | 1.08 | 80 | 053 | 0.25 | 101 | 0.36 | 0.64
18 | 1.09 | 354 | 39 | 061 | 202 | 60 | 053 | 244 | 81 | 062 | 0.67 | 102 | 0.42 | 0.61
19 | 048 | 1.00 | 40 | 019 | 025 | 61 | 051 | 166 | 82 | 050 | 0.66 | 103 | 0.33 | 0.37
20 | 059 | 112 | 41 | 030 | 044 | 62 | 068 | 249 | 83 | 052 | 058 | 104 | 0.69 | 2.31
21 | 054 | 083 | 42 | 032 | 0.70 | 63 | 0.68 | 239 | 84 | 043 | 0.88 | 105 | 0.60 | 0.75

It can be concluded from Table 7 that the inelastic structural GMIIs based on decoupling methods
were stronger than elastic structural GMIIs for predicting settlement of embankment dams. Iypp, Which
considers the inelastic behavior of dam for a period of 0.2T; to 1.5T; for each embankment dam was the
best index. The correlation coefficient of this GMII with crest settlement was greater than 0.83. In
addition, Iypp, Which was independent of the dam’s natural period, can be used as a good predictor of the
crest settlement of embankment dams. As the main difference between near fault and ordinary ground
motions lies in velocity time history and not in acceleration, lyep and lyep Which are a function of
acceleration time history, are still suitable GMII for ordinary ground motions. However, efficiency of lyep
compared to old GMIIs is more remarkable for pulse-like ground motions due to greater intensity level
which in turn leads to higher nonlinearity behavior.

Elastic structural GMIIs, such as ASI, HI, Ipc and PSa(T,), include the effect of the amplitude of the
ground motion over the period selected to cover the possible ranges of response of the structure. The
correlation for ASI and Ipc were weaker than for HI because the period they covered was much narrower
and did not cover the periods of most embankment dams employed here, leading to a higher correlation in
the short-to-medium period range. As observed from the results in Table 7, ASI and EPA produced the
closest results, mainly because of the similarity of their expressions despite their different definitions. The
inadequacy of PSa(T;) in the nonlinear response region is believed to have been caused by the lack of
elongations reflected in the period in the inelastic range.

Iva, Which considers the effects of PGV and ag, was the best predictor of the nonstructural GMlIs.
This intensity index reflected the effects of the duration, amplitude and energy of the ground motion but
did not consider the properties of the structure. The Arias intensity, PGV and CAV were good predictors
of crest settlement and the nonlinear behavior of dams. The displacement related indices GMIIs were the
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worst predictors of crest settlement. In addition, PGV/PGA did not show a high correlation with crest
settlement.

Table 7. Correlation coefficient (p) between crest settlements of embankment dams and ground motion
intensity indices (%) for pulse-like records (PI) and ordinary records (Or)

Dam-I Dam-II Dam-1II Dam-1V All Dams Success
r Pl r Pl r PI- r-
Pl Or Pl O O 0] - Roank Pl | Rank

PGA 57.7 90.6 | 62.7 | 921 | 58.8 | 92.2 | 595 | 91.2 16 11 390 | 24
la 8y 87.8 955 | 885 | 975 | 859 | 96.7 | 865 | 96.5 4 3 81.9 4
Ams 56.7 93.7 | 609 | 932 | 57.3 | 924 | 579 | 924 18 9 373 | 25
I, 76.2 910 | 793 | 942 | 759 | 943 | 76.7 | 93.2 9 8 66.1 | 10
PGV 74.5 859 | 706 | 934 | 706 | 940 | 728 | 925 11 12 648 | 11
Vgq 56.1 789 | 495 | 88.1 | 51.1 | 89.2 | 53.2 | 875 20 20 | 62.0 | 13
Vins 64.7 849 | 606 | 924 | 60.8 | 934 | 635 | 91.7 15 14 | 573 | 14
I 67.8 83.2 | 622 | 91.6 | 63.2 | 921 | 651 | 90.6 14 17 67.7 9
Iy 570 | 796 | 506 | 888 | 523 | 89.4 | 53.8 | 87.9 19 19 64.1 | 12
CAV 750 | 929 | 713 | 965 | 711 | 959 | 71.0 | 957 12 6 90.2 1
PGD 39.7 63.6 | 315 | 749 | 337 | 77.1 | 349 | 75.2 22 22 | 458 | 18
dsq 29.9 53.9 | 214 | 65.0 | 23.7 | 67.6 | 245 | 65.9 25 25 | 415 | 20
s 35.1 57.2 | 269 | 67.9 | 29.1 | 70.3 | 30.2 | 68.7 23 24 | 410 21
lq 344 | 589 | 26.1 | 70.7 | 287 | 728 | 296 | 71.0 24 23 | 445 | 19

CAD 439 | 737 | 36.6 | 831 | 388 | 843 | 403 | 828 21 21 [ 569 | 15

PGV/PGA | 8.6 15.6 0.9 28.8 4.4 29.9 5.5 28.5 26 26 | 172 | 26

lva 899 | 93.0 | 887 | 972 | 87.0 | 969 | 88.3 | 96.2 3 4 |80 3
EPAASI | 59.2 | 935 | 61.4 | 90.8 | 58.2 | 89.1 | 58.8 | 90.3 17 13 | 395 | 23
EPV 794 | 844 | 840 | 920 | 851 | 927 | 855 | 90.8 7 15 | 711 | 8
HI 846 | 857 | 849 | 941 | 859 | 941 | 90.0 | 924 6 10 | 742 | 6
PSa(T,) 655 | 934 | 764 | 949 | 832 | 92.7 | 854 | 939 8 7 | 475 16
Ips 60.0 | 938 | 77.2 | 962 | 819 | 962 | 87.8 | 957 10 5 | 408 | 22
ND* 69.1 | 946 | 71.0 | 883 | 69.7 | 866 | 717 | 886 13 16 | 46.2 | 17
PDD(T,) | 89.2 | 965 | 87.8 | 827 | 88.6 | 852 | 826 | 89.4 5 18 | 736 | 7
Ivep 916 | 985 | 97.3 | 99.0 | 974 | 98.7 | 974 | 98.3 1 1 |833]| 2
lep 92.7 | 949 | 93.7 | 989 | 950 | 99.2 | 97.2 | 975 2 2 |818| 5

*Inelastic GMIIs were calculated by assuming k,=0.1g.
**Ranks were calculated based on mean value of correlation coefficients of four hypothetical dams.

Results show that there was no significant difference between the correlation coefficients of the dams
in this study. This is probably because these dams were located in short-to-medium period ranges and their
natural periods were not significantly different. Moreover, as the nonlinear behavior of the multi-degrees
of freedom system increased, frequencies different from the modal frequency participated in the response.
Thus, the clear difference seen in SDOF systems was not seen in these dams. It must be noted that, if
linear formulation was used to calculate the correlation coefficients, the newly proposed correlation
confections still show a higher correlation with crest settlement compared to older ones.

Finally, note that GMIIs were not applied to predict the exact value of response, but to predict the
trend of demand response (increase or decrease) based on the value of GMII. Thus, to calculate Iypp and
lupp, @ rough estimation of the value of yield acceleration is usually sufficient, although an exact value is
preferred. However, in estimating ky, using a value less than the exact value of ky leads to more reliable
results compared to a value which is greater; Fig. 11 is an example of the variation of crest settlement
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against lypp at three values of yield acceleration. As seen, the correlation coefficients did not change
significantly by changing k, = 0.05 g to k, = 0.15 g.

4.0 4.0 4.0
‘E’ 3.0 ‘E’ 3.0 ‘E’ 3.0
c c c
£ £ £
° 2.0 ° 2.0 ° 2.0
g g g
% 1.0 % 1.0 % 1.0
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0.0 & 00 ¥ 0.0 8
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Ivpp (M) Ivpp (M) Ivpp (M)

Fig. 11. Variation of crest settlement for Dam 11 versus lypp at three yield acceleration:
a) ky=0.059; b) ky=0.19; b) k,=0.15¢

6. CONCLUSION

Based on a comprehensive nonlinear analysis of embankment dams, the correlations between the intensity
indices of near-fault ground motions and major seismic responses of geotechnical structures, three new
ground motion intensities were proposed in this study. A database of 105 unscaled pulse-like and 20
ordinary earthquake ground motion records was selected. The crest settlements of five embankment dams
of different heights were investigated by carrying out 680 non-linear time history analyses and correlating
them with ground motion intensity indices. The following conclusions can be drawn from this study:

1. In general, Iya is the best intensity index to correlate with crest settlement for nonstructural ground
motion intensity. It is the square root of the product of peak ground velocity and plain integral of the
squared acceleration. In addition, CAV illustrates high correlation with crest settlement for Success
dam which is constructed on liquefiable material.

2. The Housner intensity covers a wider range of periods for embankment dams than other elastic
structural GMIIs and has a higher correlation with the seismic response of the dams.

3. lwpp, Which calculates the mean permanent displacement of an SDOF system based the decoupled
method over a period of 0.2T;to 1.5T; for an embankment dam, is the best index to correlate with the
crest settlement of embankment dams.

The present study was limited to embankment dams which were modeled with plain strain condition.
More studies with 3D models, different geometries and dynamic properties are needed to gain a more
complete understanding about ranking of different GMIIs.
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NOMENCLATURE
PGA  peak ground acceleration Ia Arias intensity
A square acceleration la Riddell acceleration intensity
ams mean square acceleration PGV peak ground velocity
Vsq square velocity Vins mean square velocity
I Fajfar intensity Iv Riddell velocity intensity
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CAV cumulative absolute velocity PGD peak ground displacement
dq square displacement dms mean square displacement
Iy Riddell displacement intensity CAD cumulative absolute displacement
Iva square root of product of peak ground velocity EPA effective peak acceleration
and square acceleration
ASI acceleration spectrum intensity EPV effective peak velocity
HI Housner Intensity PSa(T1) pseudo spectrum acceleration at natural
period (T;)
Ips mean of elastic response spectrum of SDOF ND Newmark displacement
system over a period of 0.2T; to 1.5T;
PDD  permanent displacement of SDOF System at ImpPD mean permanent displacement of SDOF
(Ty)  Natural period system over a period of 0.2T, to 1.5T,

=)

10.

11.

12.

13.

14.

15.

16.

mean permanent displacement of SDOF system
over a period of 0.1 to 2.5 sec
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