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'e efficiency of vector-valued intensity measures for predicting the seismic demand in gravity dams is investigated. 'e Folsom
gravity dam-reservoir coupled system is selected and numerically analyzed under a set of two-hundred actual ground motions.
First, the well-defined scalar IMs are separately investigated, and then they are coupled to form two-parameter vector IMs. After
that, IMs consisting of spectral acceleration at the first-mode natural period of the dam-reservoir system along with a measure of
the spectral shape (the ratio of spectral acceleration at a second period to the first-mode spectral acceleration value) are considered.
It is attempted to determine the optimal second period by categorizing the spectral acceleration at the first-mode period of
vibration. 'e efficiency of the proposed vector IMs is compared with scalar ones considering various structural responses as
EDPs. Finally, the probabilistic seismic behavior of the dam is investigated by calculating its fragility curves employing scalar and
vector IMs considering the effect of zero response values.

1. Introduction

In the approach of performance-based earthquake engi-
neering (PBEE), the demand on a structure under a given
earthquake should be properly estimated [1]. To do this, the
intensity of earthquake ground motion is measured by an
intensity measure (IM), and the resulted structural response
demanded under the earthquake is evaluated using engi-
neering demand parameter (EDP).'en, the probability that
earthquake will cause a prescribed level of demand in the
structure is computed as a function of the defined IM. 'ese
probabilistic predictions of EDPs as a function of IMs can be
obtained by statistical analysis of the results of nonlinear
dynamic analyses under a set of earthquake ground motions
[2–6]. 'e robustness of the predictions is highly dependent
on the selected IMs. Ground motion hazard models can be
then combined with IM-EDP relations to compute the
seismic reliability of structures [2].

Traditional IMs often include single-valued (scalar)
parameters such as peak ground motion values or spectral
responses, but it has been shown that vector-valued IMs
consisting of multiple parameters of earthquake intensity
may lead to better estimation [7–10]. A vector IM would

contain more information about the ground motion than
a scalar IM, and it has been shown that it is more effective in
predicting the response of building frames and bridges
[11–17]. Probabilistic seismic assessment of concrete dams
using single-valued IMs has been well performed [18–21],
but such study employing vector-valued IMs is very scarce.

When a single-valued IM is used, the mean annual rate
of exceeding an EDP level such as edp and ηEDP(edp) can be
computed as

ηEDP(edp) � 

im

P[EDP> edp|IM � im] · dηIM(im)


. (1)

In this equation, ηIM(im) is the mean annual rate of
exceeding the IM level im, which is obtained using proba-
bilistic seismic hazard analysis (PSHA) [22, 23]. P[EDP>
edp|IM� im] is the probability of exceeding a specified EDP
level of edp, conditioned on the IM level of im; this condi-
tional probability distribution, called fragility, is employed
in estimating the efficiency of the selected IMs [2]. ηEDP(edp)
is the direct measure of the seismic performance and re-
liability of a structure because it relates to the probability of
experiencing the event EDP> edp within the future lifetime of
the structure [4].
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'e estimation of (1) can be potentially improved by
increasing the number of parameters in the IM. In this way,
a more complete description of the properties of ground
motions can be obtained [24, 25]. For example, if an EDP is
potentially dependent on two ground motion parameters,
IM1 and IM2, then the annual rate of exceeding a specified
EDP value of edp can be computed using the following
modified version of the total probability theorem of (1):

ηEDP(edp) � 

im1



im2

P EDP> edp IM1 � im1, IM2 � im2
 

· dηIM1 ,IM2
im1, im2( 



,

(2)

dηIM1 ,IM2
im1, im2(  � gIM2�im2 IM1| �im1

· dim2 · dηIM1
im1( ,

(3)

where dηIM1,IM2(im1, im2) is the joint mean annual fre-
quency of the IM1 and IM2 values, gIM2�im2|IM1�im1 denotes
the conditional probability density function of IM2 given
IM1, dim2 is a small increment in IM2 value, and dηIM1(im1)
is the annual rate of IM1 exceeding im1 at the site being
considered [4]. 'e terms gIM2�im2|IM1�im1 and dηIM1(im1)
can be obtained through vector PSHA, or in some cases, with
standard PSHA and disaggregation [9, 26].

In this paper, the application of vector-valued intensity
measures for predicting the seismic demand in gravity dams
is examined. For this purpose, Folsom gravity dam is se-
lected as case study and numerically modeled along with
its full reservoir using the finite element method in an
Eulerian–Lagrangian approach. A set of proper earthquake
records including two-hundred actual ground motions are
employed. First, different well-established scalar IMs are
separately investigated, and then they are coupled to form
two-parameter vector IMs. Also, IMs consisting of two
parameters of spectral acceleration at the first-mode natural
period of the dam-reservoir system along with a measure of
spectral shape (the ratio of spectral acceleration at a second
period to the first-mode spectral acceleration value) are
investigated. It is attempted to determine the optimal second
period by categorizing the spectral acceleration at the first-
mode period of vibration. 'e efficiency of the proposed
vector IMs is compared with that of the scalar ones con-
sidering various structural responses as EDPs. Finally, the
seismic performance of the dam is probabilistically in-
vestigated by calculating its fragility curves employing scalar
and vector IMs to determine whether the various estimates
of structural response are equivalent.

2. Single-andVector-ValuedIntensityMeasures

'ere are potential approaches to estimate the conditional
distribution of EDPs for the given scalar and vector IMs [27],
but in the present study, the cloud method is briefly de-
scribed and employed. 'is method is based on regression
on response data from unscaled ground motions. Consid-
ering single-valued (scalar) IMs that contain only a single
parameter, the nonlinear dynamic analysis of a structure is

performed using a set of unscaled ground motion records.
'e IM values of the selected records and the associated EDP
values obtained from nonlinear dynamic analysis are usually
plotted either on an arithmetic or logarithmic scale. 'is
cloud of data is then regressed to compute the conditional
mean and standard deviation of EDP given IM [2]. Scatter
data points have usually linear trend in the logarithmic scale
which implies their power relation in the arithmetic scale:

λEDP|IM � α1(IM)
α2 , (4)

where λEDP|IM is the mean value of EDP given IM, and α1
and α2 are constant coefficients. 'e IM-EDP relation is
called seismic demandmodel. Taking logarithm on both sides
of (4) results in

ln λEDP|IM  � lnα1 + α2 ln(IM). (5)

Two regression coefficients, lnα1 and α2, can be esti-
mated using linear least-squares regression [28]. However,
the accuracy of the results depends on the validity of implicit
assumptions of the linear least-squares method [7]. 'e
prediction error for record j, which is called the regression
residual, is computed as

εj � ln EDPj|IM − ln λEDPj|IM , (6)

where EDPj is the exact value of EDP under record j. 'ese
residuals are assumed to be mutually independent; they by
definition have a mean of zero. If they are assumed to be
normally distributed with constant variance for entire IM
range (this condition is termed homoscedasticity [7]), then
their standard deviation can be estimated as

sEDP|IM �

����������������������������

∑N
i�1 ln EDPi|IM( − ln λEDPi|IM  

2

N− 1



, (7)

where N is the number of records. 'e estimated sEDP|IM is
denoted as dispersion of EDP given IM. In this paper,
adopted scalar IMs are strong motion duration TD, peak
ground motion parameters (PGA, PGV, and PGD), and 5%
damping spectral responses Sa(T1), Sa(T2), Sv(T1), and Sd(T1),
where T1 and T2 are the first- and second-mode natural
period of the dam-reservoir system.

'e vector-valued IMs can increase the estimation ef-
ficiency. Considering additional IM terms results in further
explanation of a groundmotion’s effect on a structure so that
the remaining unexplained statistical variability in EDP will
be reduced [7]. 'is means that fewer nonlinear dynamic
analyses will be needed to characterize the relationship
between the EDP and the IM. Multiple linear regression
analysis [28] can be performed on the cloud data with
vector-valued IMs. Assuming a vector IM with two elements
of IM1 and IM2, a linear functional form, after logarithmic
transformation, can be again used to model the relationship
between the mean value of EDP, λEDP|IM1,IM2, and IMs

ln λEDP|IM1 ,IM2
  � lnα1 + α2 ln IM1(  + α3 ln IM2( , (8)

where lnα1, α2, and α3 are estimated coefficients obtained
using multiple linear regression.'e dispersion of EDP values
given IM1 and IM2, sEDP|IM1,IM2, can be then computed as
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sEDP|IM1 ,IM2
�

������������������������������������

∑N
i�1 ln EDPi IM1

 , IM2 − ln λEDPi IM1| ,IM2
  

2

N− 1




.

(9)

'is method can be easily generalized to accommodate
more IM parameters by simply adding additional terms to
(8). Although there are some challenges with this method
such as potentially high correlation between adopted IMs,
more extrapolations, and interaction between IM parame-
ters, the estimates of mean and standard deviation are
obtained using low number of analyses as compared to other
estimation methods. So, this method has been extensively
used for several investigations using vector-valued IMs
[24, 29, 30].

In this study, the size of the vector IMs is limited to two
parameters containing all possible dual combinations of the
adopted scalar IMs. Also, a specific class of candidates is
considered as potential vector IMs containing Sa(T1), which
will be verified as an effective predictor of structural re-
sponse for gravity dams, and a predictorΨ1,n � Sa(Tn)/Sa(T1),
which is a measure of spectral shape [2]. 'ese parameters
define two points on the acceleration spectrum of a ground
motion. Tn is a second arbitrary period that can vary such
that the value that optimally predicts the dam response is
determined. 'e spectral shape predictor Ψ1,n has been
shown to be a useful predictor of structural response [31, 32].
It should be noted that the same procedure is easily ap-
plicable to vectors of a larger size.

Choosing an optimal IM is based on the criteria of
efficiency (small variability of EDP for records with the
same IM value), sufficiency, and ease of calculation. 'e
adopted scalar and vector IMs are easy to calculate and
familiar to many engineers. 'e sufficiency of the scalar
IMs has been investigated elsewhere [33], and the addition
of a second element will not render the IM insufficient
[2, 7]. So in this study, the efficiency criterion is the main
point. 'e efficiency is measured by dispersion coefficients
computed from (7) and (9). 'e accuracy of the regression
estimate using both scalar and vector IMs is increased by
decreasing the standard deviation of the regression re-
siduals or dispersion [7]. It has been shown that vector-
valued IMs can achieve significant gains in efficiency for
building- and bridge-type structures [2, 25, 29, 34]; hence,
this approach can reduce the number of dynamic analyses
that must be performed to assess the structure’s perfor-
mance for a specific accuracy level.

3. Probabilistic Seismic Assessment

When a scalar IM is used, if ln(EDP|IM) is assumed to have
a Gaussian distribution, then the estimated conditional
probability of exceeding an EDP level edp given IM� im is
computed as [2]

P[EDP> edp|IM � im] � 1−Φ
lnedp− ln λEDP|IM 

sEDP|IM

⎛⎝ ⎞⎠,

(10)

where Φ(·) is the cumulative distribution function of the
standard Gaussian distribution. By plotting P[EDP>
edp|IM� im] against various IM levels, the fragility curve is
obtained. 'is prediction requires that the relationship
between EDP and IM to be linear with constant variance
after logarithmic transformation. 'is restriction may
be appropriate only over a limited range of IM levels, but
its advantage is reduced computational cost of the esti-
mation and closed-form analytical solution for (1) and (2)
[35–38].

Until now, it was assumed that EDP given IM has
a lognormal distribution. However, it should be noted that
the structural response of the dam may be zero under some
earthquake ground motions. It is the case, for example, for
the tensile damage imposed to the dam body. 'ese zero
quantities then have infinite logarithm, and they alter the
estimation. So, to properly address this issue in computing
the conditional probabilities, first it is required to account
the probability of zero response (ZR) parameters, through
the following equation, in terms of the considered IM in the
main prediction equation [16]:

P[ZR|IM � im] � 1−Φ im, λZR|IM, sZR|IM , (11)

where λZR|IM and sZR|IM are themean and standard deviation
of IM values corresponding to zero response parameters,
respectively. Now, the modified conditional probability is
given by combining the two probabilities [2]:

P[EDP> edp|IM � im] � (1−P[ZR|IM � im])

· 1−Φ
lnedp− ln λEDP|IM 

sEDP|IM

⎛⎝ ⎞⎠⎛⎝ ⎞⎠,

(12)

where λ and s are sample mean and standard deviation,
respectively, of the nonzero response values. 'e same
procedure can be employed for computing fragility curves
when the vector IMs are used. Assuming that ln(EDP|IM1,
IM2) is normally distributed with the standard deviation of
sEDP|IM1,IM2, the probability of exceeding the EDP level edp
given IM�<IM1, IM2> and nonzero response (NZR) values,
is

P EDP> edp IM1
 � im1, IM2 � im2,NZR 

� 1−Φ
lnedp− ln λEDP IM1| ,IM2

 

sEDP IM1| ,IM2

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠.

(13)

'is equation is similar to (10) used in the scalar case.
'e effect of zero response values may be taken into account
same as that described in (11) and (12).

4. Dam Model and Ground Motion Selection

'e nonoverflow monolith of Folsom gravity dam is chosen
for the purpose of analysis. It is a well-shaped gravity dam
that has been extensively studied in literature [39–42]. 'e
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dam is two-dimensionally modeled in a plane-stress manner
along with its full reservoir utilizing the finite element
method, as shown in Figure 1; the water-structure dynamic
interaction is considered employing Eulerian–Lagrangian
formulation. 'e foundation is assumed rigid. 'e reservoir
length is considered to be five times the dam height, and
nonreflecting boundary condition is assigned to its
truncated far-end [43]. 'e mesh has been sufficiently
refined such that it properly detects the nonlinear response
of the dam body. 'e nonlinear behavior of mass concrete
in tension is modeled using the plastic-damage method as
described in [44]. 'e stiffness degradation of mass con-
crete in tension, beyond its tensile strength (ft), is de-
termined defining a tensile damage parameter (dt) which is
assumed to be function of the plastic strains. 'is pa-
rameter can vary from zero, representing the undamaged
material, to one, which represents the total loss of strength.
'e considered constitutive behavior of mass concrete in
this study is illustrated in Figure 2. 'e behavior of mass
concrete in compression is assumed linear. 'e material
properties are tabulated in Table 1. 'ey are assumed the
same during static and dynamic analysis.

'e EDPs are the outcome of the nonlinear seismic finite
element analysis of the dam-reservoir system. 'e adopted
EDPs are crest maximum relative displacement (Δc), in cm,
and two dimensionless local damage indices, DI, from (14),
which are separately calculated for the base and neck areas;
they are the most susceptible areas to cracking [39]. 'ese
areas are shown in Figure 1(a):

DIi �


i
dt · dAe i|


i
dAe i|

, i � base or neck area, (14)

where dAe|i is the differential area of element e in area i. 'e
summation is done on the entire area i and shows the
amount of damage that the dam may locally experience. DIi
varies between zero, showing no element cracks, and one

indicating that all elements fully crack. Another EDP is
defined as the energy dissipated through cracking damage
process, ED, in MJ, which can be considered as a global
measure of damage imposed to the dam body.

Two-hundred historical earthquake ground motions are
used in the probabilistic analysis to investigate the effects of
earthquake characteristics like intensity, frequency content,
and strong motion duration on the gravity dam’s structural
demands. 'is high number of records would lead to sta-
tistically meaningful response results. All of the records are
extracted from the PEER strong motion database [45],
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Figure 1: (a) 'e tallest nonoverflow monolith of Folsom gravity dam, the shown dimensions are in meters. (b) 'e finite-element
discretized mesh of the dam and part of the reservoir.
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Figure 2: Stress-strain constitutive relation of dam concrete in
uniaxial tension [21].

Table 1: Material properties of dam concrete and reservoir water.

Material Property Value

Concrete

Density (kg/m3) 2400
Initial elastic modulus (GPa) 27.58

Poisson’s ratio 0.2
Tensile strength (MPa) 2.9

Water Density (kg/m3) 1000
Bulk modulus (GPa) 2.07
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from the earthquake events with the magnitude (M) range of
5 to 8. 'eir distances (R) vary between 30 and 60 km; they
are recorded on ground with shear wave velocity more than
360m/s which corresponds to rock or very dense soil class of
the USGS soil classification [46]. Gravity dams are normally
constructed on such grounds. It has been attempted to avoid
directivity effects by choosing records without near-fault and
pulse-like characteristics. 'e distribution of the selected
ground motions in M-R plane, shown in Figure 3, indicates
no statistical relationship betweenM and R. 'e acceleration
response spectra of all 200 selected earthquake records are
depicted in Figure 4.

'e dam is loaded statistically under the self-weight and
the hydrostatic pressure of the full reservoir before dynamic
analysis under the selected earthquake ground motions. 'e
Rayleigh damping is employed that produces 5% critical

damping in the first and third vibration modes of the
coupled dam-reservoir system.

5. Prediction of Dam Responses

In this section, the prediction potential of the adopted IMs
for various EDPs is investigated by assessing the dispersion
of IM-EDP pairs considering both scalar and vector IMs; the
optimal pair with the lowest dispersion is identified.

5.1. Single-Valued IMs. Examples of regression of Δc as EDP
are separately illustrated in Figure 5 versus Sa(T1) and PGD
as scalar IMs in logarithmic scale. Also shown are the normal
distribution fits of the cloud data points in the logarithmic
scale. As it is observed, selecting scalar IM as Sa(T1) and PGD
results in small and large residual standard deviation, re-
spectively, which shows high and low efficiency. So, the
trend in the cloud data can be clearly estimated more ac-
curately using the Sa(T1) as a single-valued IM. 'e calcu-
lated dispersion and goodness of fitting (R2) values for all
possible IM-EDP pairs are tabulated in Table 2. From this
table, the lowest variability belongs to Δc when it is coupled
with various scalar IMs; DIneck shows almost the highest
variability. 'e strong motion duration, TD, produces the
largest dispersion values which shows its inefficiency in
estimating the seismic demand of the dam structure, but
Sa(T1) as IM has the lowest dispersion when it is considered
with various EDPs. 'e highest R2 values also belong to the
pairs with Sa(T1) as scalar IM.

It was concluded that Sa(T1) is the best predictor among
the other scalar IMs. For the 200 selected earthquake re-
cords, Sa(T1) varies between 0.017 g and 1.110 g. In this wide
range, the dam may behave completely linear to highly
nonlinear. To better assess its performance, the earthquake
records are divided into four groups with the following
Sa(T1) ranges: (1) 0.0–0.2 g, (2) 0.2–0.4 g, (3) 0.4–0.6 g, and
(4) more than 0.6 g. It is noteworthy that, in the first range,
that is, 0.0< Sa(T1)< 0.2 g, the dam responds completely
linear or very slightly nonlinear without any cracking in the
neck area. For Sa(T1) between 0.2 and 0.4 g, the dam behaves
moderately nonlinear, some records cause cracking in the
neck area. In the third range, the nonlinear behavior extends,
but when Sa(T1) is more than 0.6 g, that is, in the fourth
range, the dam shows severe nonlinear response such that all
records cause neck cracking. 'e dispersion values are
recomputed considering these new ranges of Sa(T1), the
results are shown in Table 3. 'e number of records that
causes nonzero EDP values in each Sa(T1) group is also
reported in this table. 'e last column of the table shows the
dispersion values considering all of the earthquake records.
For Δc as EDP, this grouping reduces the dispersion to very
small values when the dam behaves linearly to moderately
nonlinear, that is, in the first and second group. But it in-
creases the dispersion when the dam responds highly
nonlinear in the third and fourth group. However, the
opposite trend is observed for the other EDPs that are di-
rectly related to the nonlinear response. In these cases, the
dispersion decreases for higher Sa(T1) levels where the dam
behaves completely nonlinear. For examples, the dispersion
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Figure 3: Distribution of the 200 earthquake ground motions in
the M-R plane.
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is decreased about 56%, 32%, and 22% for DIbase, DIneck, and
ED, respectively, in the fourth range as compared with the
entire range. So, it is concluded that considering the
earthquake records which are actually in (or are scaled to)
the specific levels of Sa(T1) could result in lower dispersion
and higher prediction potential for the gravity dam struc-
tural behavior.

5.2. Vector-Valued IMs. To investigate the vector IMs, first
suppose that EDP is Δc. 'e multiple linear regression of

Δc in terms of vector IM�<Sa(T1), IM2>, in logarithmic
scale, is illustratively shown in Figure 6 separately for
IM2 �PGA and PGD. 'e multiple linear regression for
IM �<Sa(T1), PGA> would result in ln(λΔc|Sa(T1),PGA) �

2.38 + 0.939 ln(Sa(T1)) + 0.111 ln(PGA) with R2 � 0.92
and sΔc|Sa(T1),PGA � 0.198. Comparing this result with the
simple linear regression of ln(λΔc|Sa(T1)) shown in Figure 5(a),
it is observed that both regression formulas are approxi-
mately the same, with PGA contributing to low correla-
tion coefficient of 0.111 which results in only 2% reduction
in the dispersion. Choosing IM�<Sa(T1), PGD> leads to

Table 2: Dispersion of EDP|IM considering single-valued IMs. 'e numbers in parentheses are the R2 values of the corresponding linear
regressions.

Intensity measure Unit
Engineering demand parameter

Δc DIbase DIneck ED
TD sec 0.709 (0.02) 0.878 (0.01) 1.341 (0.00) 1.245 (0.01)
PGA g 0.477 (0.55) 0.739 (0.30) 1.128 (0.29) 0.933 (0.37)
PGV cm/s 0.467 (0.57) 0.685 (0.40) 1.214 (0.18) 0.948 (0.43)
PGD cm 0.594 (0.31) 0.793 (0.19) 1.319 (0.03) 1.122 (0.19)
Sa(T1) g 0.202 (0.92) 0.377 (0.82) 0.899 (0.55) 0.453 (0.87)
Sa(T2) g 0.300 (0.82) 0.592 (0.55) 1.054 (0.38) 0.776 (0.61)
Sv(T1) cm/s 0.595 (0.31) 0.817 (0.14) 0.797 (0.65) 1.141 (0.17)
Sd(T1) cm 0.592 (0.31) 0.805 (0.17) 0.901 (0.55) 1.126 (0.19)

Table 3: Dispersion of EDP|IM for IM as various ranges of Sa(T1). 'e numbers in parentheses show the number of earthquake records that
cause nonzero response values in each group.

EDP
Variation range of Sa(T1)

0.0–0.2 g 0.2–0.4 g 0.4–0.6 g 0.6–1.11 g 0.0–1.11 g
Δc 0.133 (68) 0.138 (84) 0.279 (31) 0.409 (17) 0.202 (200)
DIbase 0.376 (52) 0.271 (84) 0.201 (31) 0.165 (17) 0.377 (184)
DIneck — (0) 0.603 (10) 0.756 (21) 0.610 (17) 0.899 (48)
ED 0.488 (52) 0.346 (84) 0.363 (31) 0.353 (17) 0.453 (184)

ln(λEDP|IM) = 2.25 + 1.00 ln(IM)
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Figure 5: Illustrations of estimating the conditional mean value from linear regression of ln(Δc) from cloud data: (a) IM� Sa(T1) and
(b) IM� PGD. 'e normal distribution of the data points obtained from the mean and standard deviation of the regression is also shown.
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regression of ln(λΔc|Sa(T1),PGD)� 2.27 + 1.014 ln(Sa(T1))−0.009
ln(PGD) with R2 � 0.92 and sΔc|Sa(T1),PGA � 0.202. From
Table 2, PGD has low-efficient relation with Δc as
EDP (sΔc|PGD � 0.594), so it is observed that when one term of
the vector IM has very lower correlation with EDP with
respect to another term, it essentially contributes with
very low coefficient in the multiple linear regression
formula, and the resulted dispersion and R2 values will not
be substantially affected. Considering IM�<PGA, PGD>
would result in ln(λΔc|PGA,PGD)� 2.29 + 0.814 ln(PGA) +
0.173 ln(PGD) (R2 � 0.62, sΔc|PGA,PGD � 0.443), so the weight
of PGD is increased as the correlation of the first term,
now PGA, with the selected EDP reduces.

'e dispersion values for the vector IMs consisting of
all dual combinations of the scalar IMs are reported in
Table 4 coupled with EDP �Δc and ED, and in Table 5
coupled with EDP �DIbase and DIneck. 'e above expla-
nations can be again observed in these tables. 'erefore, it
is concluded that the relative efficiency of the elements of
a vector IM is a key point in their effects on the regression
analysis. From Tables 4 and 5, it is observed that direct
combination of scalar IMs to produce vector IMs can partly
decrease the dispersion and increase the efficiency of the

prediction model as compared to that obtained from more
efficient component of the vector IM.'e lowest dispersion
belongs to vector IM �<Sa(T1), PGA>, coupled with Δc,
with the value of 0.198 that shows about 2% reduction with
respect to scalar IM � Sa(T1).

In the next step, the specific class of the vector IMs
composed of Sa(T1), which was verified as an efficient
predictor of dam responses, and Ψ1,n � Sa(Tn)/Sa(T1), where
Tn is a second arbitrary period, is considered. 'e regression
results are normalized to compute the fractional reduction in
dispersion relative to that one obtained from the scalar
IM� Sa(T1). If the fractional reduction is zero, then no ef-
ficiency is gained by including the givenΨ1,n. 'e optimal Tn
that has the largest fractional reduction among all possible
Tn values is the best choice that reduces the randomness [7].
A plot of the fractional reduction in dispersion is shown in
Figure 7 for various EDPs. Also shown is the range of first
(T1) to fifth (T5) natural periods of the dam-reservoir system.
From this figure, the optimal Tn value is different for various
EDPs, but it is located near or between T1 and T5 range. 'e
maximum fractional reduction in dispersion for Δc is as low
as about 6%, while the reduction of 18% can be obtained for
DIneck. Because the gravity dams are essentially first-mode
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Figure 6: Estimates of mean of ln(Δc) as a function of vector IM�<IM1 � Sa(T1), IM2> usingmultiple linear regression on the 3D cloud data:
(a) IM2 �PGA and (b) IM2 � PGD.

Table 4: Dispersion of EDP|IM1,IM2. 'e upper and lower tri-
angles show the dispersion values for the EDP as Δc and ED,
respectively.

IM1
IM2

PGA PGV PGD Sa(T1) Sa(T2) Sv(T1) Sd(T1) TD

PGA — 0.414 0.443 0.198 0.297 0.451 0.445 0.463
PGV 0.881 — 0.457 0.202 0.295 0.434 0.437 0.463
PGD 0.936 0.939 — 0.202 0.300 0.520 0.522 0.573
Sa(T1) 0.455 0.452 0.452 — 0.201 0.202 0.202 0.203
Sa(T2) 0.773 0.738 0.766 0.441 — 0.297 0.296 0.301
Sv(T1) 0.969 0.912 1.044 0.454 0.776 — 0.594 0.592
Sd(T1) 0.955 0.909 1.036 0.454 0.771 1.099 — 0.590
TD 0.980 0.944 1.102 0.450 0.779 1.140 1.126 —

Table 5: Dispersion of EDP|IM1,IM2. 'e upper and lower tri-
angles show the dispersion values for EDP as DIbase and DIneck,
respectively.

IM1
IM2

PGA PGV PGD Sa(T1) Sa(T2) Sv(T1) Sd(T1) TD

PGA — 0.657 0.696 0.376 0.593 0.724 0.714 0.729
PGV 1.127 — 0.682 0.377 0.565 0.666 0.663 0.684
PGD 1.145 1.207 — 0.376 0.582 0.748 0.741 0.782
Sa(T1) 0.749 0.887 0.913 — 0.362 0.377 0.378 0.374
Sa(T2) 0.956 1.040 1.072 0.907 — 0.592 0.589 0.593
Sv(T1) 0.688 0.773 0.810 0.807 0.804 — 0.774 0.815
Sd(T1) 0.750 0.889 0.915 0.760 0.909 0.807 — 0.804
TD 1.146 1.211 1.330 0.912 1.054 0.805 0.914 —
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dominated structures [39], the dispersion reduction is low
with respect to those obtained for building frames [7]. 'e
standard errors of estimation can be compared as [7]

sscalar�����
Nscalar

 �
svector������
Nvector

 , (15)

where Nscalar and Nvector are the number of records used in
the analysis taking into account the scalar and vector IMs,
respectively. So, by 18% reduction in dispersion (svector �

0.82 sscalar), it is obtained that Nvector � 0.67 Nscalar. It means
that, by adopting more efficient vector-valued IMs,
the number of required records can be potentially reduced
about 33%; however, they still maintain the same accuracy
in the estimate of the mean response of the dam-reservoir
system. 'is can lead to high reduction in computational
cost.

To investigate the effects of Sa(T1) level on the obtained
results, the same grouping of Sa(T1), as it was used for
the scalar IM, is employed, and the efficiency of including
the Ψ1,n as the second element of vector IM is separately
assessed for each group. As a reminder, the groups of Sa(T1)
levels are (1) 0–0.2 g, (2) 0.2–0.4 g, (3) 0.4–0.6 g, and (4) more
than 0.6 g. 'e dispersion values are computed considering
the vector IM�<Sa(T1), Ψ1,n> for each group; the fractional
reductions in dispersion are plotted for various EDPs in
Figure 8. Also shown is T1–T5 range of the dam-reservoir
system. As it is observed, by limiting the computation in
particular ranges of Sa(T1), much higher reduction in dis-
persion may be obtained. For 0.0< Sa(T1)< 0.2 g, since the
dam stays linear or very slightly nonlinear, the reduction of
dispersion is considerable just for EDP�Δc, where the
optimal Tn is 0.22 sec, which is the fifth-mode period of the
dam-reservoir system, with approximately 15% reduction.
'is vector IM is comparable to the modal analysis method

of estimating linear response which uses the spectral ac-
celerations at the first and fifth modes of the system. If
0.2 g< Sa(T1)< 0.4 g, then the most reduction occurs for
DIneck, with a significant value of 53% which corresponds to
reduction of number of records by a scale of 4.5 (through
(15)); however, the number of records in this range of Sa(T1)
which causes nonzero DIneck is just 10 records (Table 3). So,
the conclusion may not be very reliable. For the other EDPs,
the reduction is at most below 7%.

Within the third range, that is, 0.4 g< Sa(T1)< 0.6 g, the
optimal Tn is located at 0.4 sec, a little more than T1, for all
EDPs. In this range, most of the records cause some level of
nonlinear behavior in the dam body. 'e highest reduction
belongs to DIneck with the value of 39% which leads to 63%
reduction in the number of records to obtain the same
estimation accuracy when the vector-valued IM is used. For
the other EDPs, if Tn varies between 0.4 sec and 0.52 sec, the
reduction in dispersion is at least 40% of the reduction seen
at the optimal Tn. When 0.6< Sa(T1), most of the records
experience very large levels of nonlinearity, and the optimal
Tn is located in a range higher than that was obtained for the
third level. 'e maximum fractional reductions are 48%,
38%, 19%, and 15% for ED, DIbase, Δc, and DIneck, re-
spectively. Also the comparable reduction in dispersion can
be obtained at a larger range of Tn as compared with other
Sa(T1) groups. 'e dependence of Tn on the level of non-
linearity has been previously recognized for other structure
types [7, 31, 32]. 'e increase in Tn with increasing level of
nonlinearity has been explained by the idea of an equivalent
linear system in [7].

From the above explanations, it is concluded that if
Sa(T1) is low enough that few or no records cause non-
linearity, then the optimal second period Tn would be the
fifth-mode period of the gravity dam-reservoir coupled
system, and if Sa(T1) is large enough that most records cause
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Figure 7: Fractional reduction in dispersion in terms of Tn for EDP as (a) Δc and DIbase and (b) ED and DIneck.'e first element of the vector
IM is Sa(T1), and the second element is Ψ1,n � Sa(Tn)/Sa(T1).
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nonlinear responses, then the optimal Tn would be larger
than T1. Since the optimal second IM is dependent on the
level of shaking or Sa(T1) value, using vector-valued IM in
a fully probabilistic analysis would be more complicated, as
it is required to switch IMs when integrating hazards from
low to high levels.

6. Seismic Fragility Curves

After investigating the efficiency of IM-EDP pairs consid-
ering both single- and vector-valued IMs, the fragility
functions can be computed from (12) and (13) incorporating
estimates of zero and nonzero response values at various
IM levels. 'e actual distribution of zero response values
for DIbase in terms of Sa(T1) along with the fitted cumula-
tive standard normal distribution and the probability dis-
tribution of ZR values obtained from (11) are shown in
Figure 9.

'e fragility curves of DIbase≥ 0.1, which corresponds to
more than 10% base cracking, in terms of scalar IM� Sa(T1)
are shown in Figure 10 with and without considering
zero response (ZR) values. It should be noted that 16 records
do not cause base cracking at all (Table 3). Because the
probability of ZR values becomes actually zero for Sa(T1)
> 0.2 g as observed in Figure 9, the two curves in Figure 10
are very close to each other.

As another illustration, the seismic fragility curves are
generated using scalar IMs� Sa(T1) and PGA and vector
IM�<Sa(T1), PGA>. 'ey are depicted in Figures 11(a)–
11(c) to predict Δc≥ 3 cm, DIbase≥ 0.1, and DIneck≥ 0.01,
respectively. 'e considered thresholds are subjective, and
their exact definition is beyond the scope of this study;
however, they are selected to illustratively compare the
fragility curves. 'ese fragility curves are with ZR values.
'ere is not a large difference between the curves of the
vector IM and one from scalar IM� Sa(T1), because as it was
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observed, considering PGA as an additional element does
not essentially affect the IM-EDP relation. 'e ultimate goal
is calculating the mean annual frequency of exceeding an
EDP level from (1) and (2). 'e reduction in variability is
a good criterion to use the vector IMs for accurate calcu-
lation. However, this calculation using the vector IMs re-
quires knowledge of vector ground motion hazard which is
beyond the scope of this paper. Such hazard analysis is
available [25, 47] but not yet in widespread use in engi-
neering practice [7].

7. Conclusions

Application of vector-valued intensity measures for pre-
dicting the seismic demand in gravity dams was studied by
numerical analysis of Folsom gravity dam-reservoir coupled
system under a set of two-hundred actual ground motions.
'e efficiency of the defined IMs was examined through
dispersion of IM-EDP pairs. Considering different well-
established scalar IMs showed that the strong motion du-
ration produces very high dispersion values, but Sa(T1) has
the lowest dispersion when it is considered with various
EDPs. It was found that categorizing Sa(T1) in specific levels
could result in lower dispersion and higher accuracy of the
prediction model.

Direct combination of the scalar IMs to produce two-
parameter vector IMs showed that relative efficiency of the
elements of the vector IM is a key point in their effects on
the regression analysis. 'is type of vector IMs partly de-
crease the dispersion and increase the efficiency of the
prediction model as compared to that obtained from more
efficient components of the vector IM. Considering a spe-
cific class of vector IMs composed of spectral acceleration at
the first-mode natural period of the dam-reservoir system
along with a measure of spectral shape (the ratio of spectral
acceleration at a second period to the first-mode spectral
acceleration value), it was found that lower dispersion
values with respect to the most-efficient scalar IM, that is,
Sa(T1), can be obtained. 'e optimal second period is dif-
ferent for various EDPs, but it is located near the range of
the first to fifth natural period of the system. It was observed
that by limiting the computation in particular ranges of
Sa(T1), much higher reduction in dispersion may be ob-
tained; however, the optimal second period is dependent on
the level of nonlinearity. If Sa(T1) is low enough that few or
no records cause nonlinearity, then the optimal second
period would be the fifth-mode period of the gravity dam-
reservoir coupled system, and if Sa(T1) is large enough that
most records cause nonlinear responses, then the optimal
second period would be larger than T1. Finally, the prob-
abilistic seismic performance of the dam was investigated by
calculating its fragility curves employing scalar and vector
IMs incorporating estimates of zero and nonzero response
values.
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