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SUMMARY

A methodology has been proposed which can be used to reduce the number of ground motion records
needed for the reliable prediction of the median seismic response of structures by means of incremental
dynamic analysis (IDA). This methodology is presently limited to predictions of the median IDA curve
only. The reduction in the number of ground motion records needed to predict the median IDA curve is
achieved by introducing a precedence list of ground motion records. The determination of such a list is an
optimization problem, which is solved in the paper by means of (1) a genetic algorithm and (2) a proposed
simple procedure. The seismic response of a simple, computationally non-demanding structural model has
been used as input data for the optimization problem. The presented example is a three-storey-reinforced
concrete building, subjected to two sets of ground motion records, one a free-field set and the other a
near-field set. It is shown that the median IDA curves can be predicted with acceptable accuracy by
employing only four ground motion records instead of the 24 or 30 records, which are the total number
of ground motion records for the free-field and near-field sets, respectively. Copyright q 2007 John Wiley
& Sons, Ltd.
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1. INTRODUCTION

Incremental dynamic analysis (IDA) [1] is a general parametric analysis method for the estimation
of seismic demand and capacity for different levels of seismic intensity measure (IM), based on the
ground motion records within a set defining the earthquake scenario. Such an approach requires
a huge computational effort, especially due to the many ground motion records involved in the
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analysis. In order to reduce the computational effort, a number of different approximate methods
have recently emerged. Most practical, i.e. approximate methods for IDA analysis involved the
replacement of nonlinear dynamic analysis by a combination of pushover analysis of a multi-
degree-of-freedom (MDOF) model and nonlinear dynamic analysis of single-degree-of-freedom
(SDOF) model [2–5]. On the other hand, many researchers have tried to reduce the dispersion
in IDA results (e.g. [6–10]). Typically, a reduction in dispersion by a factor of two means that
four times fewer records are needed to gain the same confidence [11]. The goal of these studies
is the improvement of IM efficiency in order to reduce the dispersion in the nonlinear response.
In addition to the IM efficiency, the sufficiency of IM can increase the robustness in the results
obtained from IDA analysis [12].

Although dispersion in seismic response is an important result, it is often more important to
quantify the median response, e.g. the median IDA curve. However, ground motion records for
nonlinear dynamic analysis, and for IDA analysis, are chosen based on magnitude, distance, and
site conditions (e.g. [13, 14]), without any explicit consideration of structural characteristics. The
selection of ground motion records requires the calculation of seismic response for all ground
motion records that are selected as representative of an earthquake scenario. It would, therefore,
be useful to know in advance which ground motion records are the best representatives for the
prediction of a median seismic response or, for example, to identify critical ground motion records
that are to be used in physical testing [15]. Such approaches could significantly decrease the number
of ground motion records needed for the sufficiently accurate prediction of seismic response.

With the proposed methodology, an attempt has been made to reduce the number of ground
motion records for predicting the median IDA curve. For this purpose, a precedence list of ground
motion records has been introduced, which can be determined by means of either a genetic
algorithm (GA) or a proposed simple procedure. The methodology is illustrated using an example
of a three-storey-reinforced concrete building subjected to a free- and near-field set of ground
motion records.

2. METHODOLOGY

The aim of the methodology is to decrease the number of ground motion records needed for
the prediction of a median IDA curve. In addition to the MDOF model, which is employed
in the IDA analysis [1], the advantages of the simple model (e.g. the SDOF model), which is
not computationally demanding, are taken into account. Such an approach is employed in many
other approximate methods (e.g. [2, 3]). These methods use the response of the simple model,
in combination with the pushover analysis, to predict the seismic response of the MDOF model.
However, the methodology described employs the simple model only to predict the precedence
list of ground motion records. Single-record IDA curves are then calculated, step by step using
the MDOF model from the precedence list of ground motion records until acceptable tolerance for
the median IDA curve is reached. The main steps of the methodology are presented in Figure 1,
and can be described as follows:

1. Select a set of ground motion records based on the earthquake scenario. This is the same
step as in an IDA analysis. The number of records within the given set can, if so desired, be
high, since, when using the methodology, there is no need to compute the seismic response
of the MDOF model for all records in order to obtain a good prediction of the median IDA
curve.
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Figure 1. The main steps in the proposed methodology.

2. Create a MDOF mathematical model that can be used for the simulation of the realistic
seismic response of the structure under investigation.

3. Define a simple mathematical model, e.g. a SDOF model. This model should be a good
representative of the linear and nonlinear characteristics of the MDOF mathematical model,
yet simple enough for it to be possible to perform a large number of nonlinear time-history
analyses, without the need for very time-consuming calculations.

4. Compute single-record IDA curves for the simple model, for all the ground motion records
within the given set. Because of the simplicity of the chosen simple model, this should not
be a time-consuming task.

5. Based on the results obtained in step 4, arrange the ground motion records within the given set
in order to obtain a good precedence list. This is an optimization problem, which is explained
in the next section. The objective of the optimization is to minimize the differences between
the ‘original’ and the ‘selected’ median IDA curves. The ‘original’ median IDA curve is
obtained from all the single-record IDA curves (step 4), whereas the ‘selected’ median IDA
curves are obtained only for the first s ground motion records from the precedence list, where
s is the number of ‘selected’ ground motion records. The number of median IDA curves,
based on the s ground motion records, is thus equal to the number of ground motion records
in the set being used.

6. Compute a single-record IDA curve for the MDOF model, starting with the first record from
the precedence list. After computation of the single-record IDA curves for the sth record
from the precedence list (where s is a number greater than or equal to two), compute the
‘selected’ median IDA curve and compare it with the ‘selected’ median IDA curve obtained
from the (s − 1)th records.

Copyright q 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2007; 36:2401–2421
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7. Repeat step 6 until the difference between the ‘selected’ median IDA curves, determined for
the sth and (s − 1)th records, is less than the acceptable tolerance, and then stop performing
the IDA analysis on the MDOF model.

8. The ‘selected’ median IDA curve, calculated from the s single-record IDA curves with
dispersion responses based on SDOF IDAs, can be used for further seismic performance
assessment.

The described procedure can significantly reduce the number of nonlinear time-history analyses
needed to predict the median IDA curve with sufficient accuracy. However, the efficiency of the
procedure depends on the ability of the simple model to predict the damage measure of the MDOF
model, as well as on the ability of the optimization algorithm to find the best precedence list
of ground motion records. The median IDA curve, obtained from the described procedure by
employing a limited number of ground motion records, is usually a good approximation to the
‘original’ median IDA curve for the MDOF model, which is calculated from all the single-record
IDA curves.

The choice of the simple mathematical model is important, since the precedence list of ground
motion records is obtained from the IDA analysis on the simple model. It is, therefore, desirable
that IDA curves determined by using the simple model do not differ significantly from the IDA
curves determined by using the MDOF model, although the problem is constrained by the fact that
analyses with the simple model should not be time consuming. Note that the simple model cannot
capture the failure mechanisms that are present in the more realistic MDOF model. However, the
ground motion records, which can be used to predict a good median IDA curve for the simple
model, are just good representatives for the prediction of the median IDA curve for the MDOF
model.

Also note that the procedure can be easily applied to other problems, and not just to the problem
of minimizing the number of records for the sufficiently accurate prediction of the median IDA
curve. For example, the procedure can be applied for the selection of a certain number of records
for a purpose of an experiment as well as for a particular design purpose. For the latter case, many
codes recommend using a certain number of records for the prediction of the most critical actions
and/or a different number of records (usually more) for the prediction of the mean or median
response. In this case, the described approach can significantly reduce the bias in the seismic
response which is present because of the limited number of ground motion records prescribed for
nonlinear dynamic analyses.

3. PRECEDENCE LISTS OF GROUND MOTION RECORDS

A precedence list of ground motion records can, in general, be determined by many different
optimization techniques. Although this is quite a simple optimization problem, it is better to use
optimization techniques that are not gradient based. One such technique, which is used in this
study, is the GA. The advantage of the GA is that there is a high probability that the fitness
(objective) function converges to near the global minimum of the problem and not to a local one,
which is not always the case for gradient-based searching techniques. The fitness function, which
quantifies the adequacy of the solution, is always problem dependent (Section 3.1). However, it
is important to define this function properly in order to obtain a good solution. The GA, whose
elements are briefly described in Section 3.2, is capable of minimizing only the fitness function.
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In addition to the GA, a simple procedure for minimizing the fitness function is also proposed
(Section 3.3). The benefit of such an approach is the simplicity of the solution.

It should be emphasized that the precedence list of ground motion records is calculated based
on the IDA analysis of a simple model (e.g. a SDOF model). There is, therefore, no guarantee that
such a precedence list of ground motion records is also an optimal solution for the MDOF model.
Only from the single-record IDA curves, computed with MDOF model, it is possible to measure
the quality of the solution. Because the single-record IDA curves are calculated gradually from
the precedence list of ground motion records and it is desirable to calculate as few single-record
IDA curves as possible on the MDOF model, an acceptable tolerance for the median IDA curve,
which is explained in Section 3.4, is proposed.

3.1. The fitness function

It is not a trivial matter to define the fitness function of the studied problem. Basically, it is desirable
to capture the best measure for recognizing the difference between the ‘original’ and ‘selected’
median IDA curve (Section 2, step 5). A good measure for this purpose is the normalized area
between the two median IDA curves. The part that is able to minimize the dispersion is also
included. The fitness function is, therefore, defined as the sum of two parts divided by the number
of all ground motion records (n):

Z = 1

n
×

n∑
s=1

V (s) = 1

n
×

n∑
s=1

(Error Term(s) × (1 + Dispersion Term(s))) (1)

where the difference between the ‘original’ and ‘selected’ median IDA curve is quantified by the
error term (Equation (2)), and the dispersion of the s selected single-record IDA curves is quantified
by the dispersion term (Equation (3)). Note, as explained in Section 2, that the ‘original’ median
IDA curve is obtained from all the single-record IDA curves, whereas the ‘selected’ median IDA
curve is obtained for just the first s ground motion records from the precedence list. The number of
‘selected’ median IDA curves, is therefore, the same as the number of all ground motion records
(n) within a given set of ground motion records. In order to determine the precedence list of
ground motion records, summation of the so-called ‘partial’ fitness function V (s) (Equation (1))
needs to be performed. The ‘partial’ fitness function V (s) is introduced only for the purpose of an
easier explanation of the simple procedure for determining the precedence list of ground motion
records (Section 3.3). However, minimizing the ‘partial’ fitness function means the selection of s
ground motion records, which are the best representatives of the ‘original’ median IDA curve.

The normalized area, expressed as percent, between the ‘original’ and the ‘selected’ median
IDA curve can be calculated as

Error Term(s)= 100×
∫ max(DMor

c ,DMs
c)

0 |�IM(s)| dDM∫ DMor
c

0 IMor dDM
(2)

where DM is the damage measure, IM is an intensity measure for the IDA analysis, �IM(s) is
the difference in the IM corresponding to the ‘original’ and ‘selected’ median IDA curve, DMs

c is
the maximum DM that corresponds to the capacity point in the case of the ‘selected’ median IDA
curve (Figure 2), DMor

c is the maximum DM that corresponds to the capacity point in the case
of the ‘original’ median IDA curve (Figure 2), and IMor is the intensity measure of the ‘original’
median IDA curve (Figure 2). The parameter �IM(s) depends on the s ground motion records
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Figure 2. Schematic definition of the parameters for calculation of the ErrorTerm (s), Equation (2), based
on four possible conditions of the ‘original’ median IDA curve and the ‘selected’ median IDA curve,

which is determined based on s selected ground motion records.

which are employed to determine the ‘selected’ median IDA curve, and also depends on the DM, as
schematically shown in Figure 2. Different possibilities of the relationship between the ‘original’
and ‘selected’ median IDA curves and the explained parameters of Equation (2) are presented in
Figure 2.

The dispersion term in the fitness function Z (Equation (1)) is defined as

Dispersion Term(s) = 1

IMs
c

×
∫ IMs

c

0
Dispersion(s) dIM (3)

where Dispersion(s) is the dispersion measure, usually a standard deviation of natural logarithms,
IMs

c is the intensity measure that corresponds to the capacity point in the case of the ‘selected’
median IDA curve (Figure 2). Note that dispersion not only depends on the IM but also on the
number of selected ground motion records. In this study, dispersion was calculated from the 16%
and 50% fractile values, assuming a lognormal distribution of the damage measure at a given IM.
The first part of the expression on the right-hand side of Equation (3) averages the dispersion for
the IM.
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3.2. GA-based determination of ground motion records precedence list

The concept of a GA was proposed in 1975 at Michigan University by Holland [16] and developed
by Goldberg [17]. GAs are robust in producing near-optimal solutions, with a high degree of
probability that the global optimum will be obtained [18]. In structural and earthquake engineering,
over the past decade GAs have been used for many applications, for example, for the optimization
of nonlinear structures [19] and for the selection and scaling of ground motion records [20]. Only a
short description of each element of the GA, with the corresponding assumptions for this problem
(needed in order to obtain satisfactory results), is given here.

The fitness function is always the target for the algorithm, which should be minimized or
maximized. This function has been introduced in detail in Section 3.1. Once the fitness function is
defined, the GA randomly generates an initial population of 50 individuals, where each individual
is an 1× n array that represents all the ground motion record IDs in a specified set of ground
motion records. A certain number of the best individuals (10% of individuals, i.e. five precedence
lists) are selected as elites for passing into the next generation without any changes. In each new
generation, some of the new individuals are generated by means of a crossover function. In this
study, a scattered crossover pattern was used. This crossover function creates a random binary
vector (which is 1× n) and selects the genes (in this case ground motion record IDs) where the
value of this vector is 1 from the first parent and zero from the second parent. It combines the genes
from both parents to form a new child [21]. The crossover fraction was chosen to be 0.65. This
means that 65% of 45 individuals who have fitter fitness values, other than elite children, are used
for parents. Hence, the algorithm rounds 0.65× 45= 29.3 to 29 to get the number of crossover
children. In each new generation, 16 new individuals (significantly fewer than the individuals from
the crossover function) are generated by means of a mutation function. This function is a necessary
part of the GA, and prevents it from converging to a local optimum. For this purpose, the Gaussian
mutation function was selected [21], which randomly changes some of the genes sequences in
individuals to produce new individuals who were probably not present in the initial population.
In order to apply all the above concepts, a GA, utilizing the GA toolbox in MATLAB 7.3.0.267
(R2006b) software, was used to solve the problem [21].

3.3. A simple procedure for determining the precedence list of ground motion records

A simple procedure for determining the precedence list of ground motion records is introduced
based on the assumption that the minimum of the fitness function Z (Equation (1)) can be found by
gradual minimization of the ‘partial fitness function’ V (s) at each step of s, the selected number
of ground motion records. This assumption makes possible very simple and rapid determination
of the precedence list, as explained in the following steps:

1. For s = 1, calculate the partial fitness function V (1) for each ground motion record from the
given set of ground motion records. Clearly, there are n partial fitness functions V (1), where
n is the total number of ground motion records in the given set. The minimum value of V (1)
defines the ground motion record, which is the first on the precedence list. This means that,
in the first step, the single-record IDA curve that has the minimum deviation from the median
IDA curve is the target IDA curve.

2. Increase s by 1 and calculate the partial fitness function V (s) for n − s + 1 combinations
of s selected ground motion records. These combinations are determined from the fact that
s − 1 ground motion records are already fixed in the precedence list, so that only n − s + 1

Copyright q 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2007; 36:2401–2421
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ground motion records are candidates for the sth place on the precedence list of ground
motion records. As in step 1, the minimum value for V (s) (out of n − s + 1 values) defines
the ground motion record at the sth place on the precedence list.

3. Continue step 2 until s = n.

The described procedure is easy to program, and much less time consuming than the solution
determined by GA. An additional advantage of the simple procedure, in comparison with GA,
is the ease of interpretation of the results, i.e. the precedence list, which can be ascribed to the
philosophy of the simple procedure used.

3.4. Tolerance for the median IDA curve of the MDOF model

Although the precedence list of ground motion records for determining the median IDA curve
is known, it is not known in advance how many ground motion records are needed for adequate
evaluation of the median IDA curve of the MDOF model. Some criteria may need to be defined
for decision-making about the sufficient number of ground motion records for prediction of the
median IDA curve. For this purpose, the computation of single-record IDA curves based on the
MDOF model can be started gradually from the precedence list. After the calculation of the single
IDAs for s records from the precedence list (where s is greater than or equal to two), compute
the ‘selected’ median IDA curve and compare it with the ‘selected’ median IDA curve obtained
from the s−1 records. This criterion is a good measure for tracing the step-by-step changes in the
median IDA curve. The mathematical form of this criterion, which is called a tolerance function,
is shown in the following equation:

Tolerance(s)= 100×
∫ max(DMs−1

c ,DMs
c)

0 |�IMs,s−1| dDM∫ DMs−1
c

0 IMs−1 dDM
(4)

where DM is the damage measure, IMs−1 is the intensity measure for the s − 1 selected median
IDA curve, �IMs,s−1 is the difference in the IM of the s and s − 1 selected median IDA curves,
and DMs

c and DMs−1
c are, respectively, the maximum DMs which are usually defined by the

capacity point on the ‘selected’ median IDA curve, which are determined based on sth or (s−1)th
ground motion records. Equation (4) can be explained as the ratio between two areas. The area
that represents the difference between the two ‘selected’ median IDA curves, one determined for
s−1 and the other for s ground motion records, is divided by the area under the ‘selected’ median
IDA curve determined for s − 1 ground motion records.

4. EXAMPLE

In order to demonstrate the applicability of the proposed methodology, a precedence list of ground
motion records has been determined for the median IDA curve (computed by the counting method,
e.g. as explained in [3]) corresponding to a three-storey-reinforced concrete frame building. Prece-
dence lists of ground motion records were determined for two sets of ground motion records by
employing both of the optimization techniques presented in Section 3. The IM selected in the
example was the spectral acceleration at the period of the equivalent SDOF model, which was
introduced as a good representative of the simple model. The top displacement and maximum
inter-storey drift of the building were chosen as the damage measures. The results are presented

Copyright q 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2007; 36:2401–2421
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PREDICTION OF THE MEDIAN IDA CURVE 2409

Figure 3. The elevation and plan view of the SPEAR building, showing typical reinforcement details.

in terms of ‘selected’ median IDA curves, and compared with the ‘original’ median IDA curve.
Based on the acceptable tolerance, the number of ground motion records needed for sufficiently
accurate prediction of the median IDA curve is proposed.

The IDA analysis has been performed for the SDOF as well as for the MDOF model simply
by assuming the constant increment of 0.01g for the IM. The IDA analysis was performed until
the dynamic instability is obtained. Note that a small increment for IM was assumed in order to
eliminate the errors, which may appear from the interpolation between discrete points on the IDA
curve. Obviously, efficient (minimum) number of points for each IDA curve (equals to the number
of nonlinear dynamic analysis for each record) is still open to be investigated.

4.1. The test structure and the mathematical model

The test structure (referred to in the following as the SPEAR building) is a three-storey asymmetric-
reinforced concrete frame building, for which a pseudo-dynamic experiment was performed at full
scale at the ELSA Laboratory, within the European research project SPEAR (‘Seismic performance
assessment and rehabilitation of existing buildings’) [22]. This building was designed for gravity
loads only. The elevation and plan view of the SPEAR building are shown in Figure 3, together
with details about the typical reinforcement in its beams and columns. The so-called post-test
mathematical model [23] created within the OpenSees program [24] was employed for the analyses
performed in this study. This mathematical model consists of beam and column elements whose
flexural behaviour was modelled by one-component lumped plasticity elements, consisting of an
elastic beam and two inelastic rotational hinges (defined by the moment–rotation relationship).

Copyright q 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2007; 36:2401–2421
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A more detailed explanation of the model and a comparison with the experimental results can be
found in [23].

For simplicity, the nonlinear dynamic analyses were performed by subjecting the structure to
loads in the weak X direction only (Figure 3). For this direction, the ratio between the maximum
base shear, obtained from the pushover analysis (Figure 5), and the weight of the building amounted
to only about 0.1.

4.2. Ground motion records

Two sets of ground motion records were used in the study. The first set consisted of 24 free-field
ground motion records, selected from Reference [25]. The earthquake moment magnitudes Mw
for the selected records ranged from 5.5 to 6.5. The second set consisted of 30 near-field ground
motion records that were recorded under forward directivity conditions, and for which the moment
magnitudes ranged from 6.5 to 6.9. Both the first and second sets of ground motion records were
recorded on NEHRP SA or SB and SD or SC sites [26], respectively, and were uniformly processed
by Walter Silva for the PEER Strong Ground Motion Database [25]. The list of records is presented
in Table I, and the acceleration spectra corresponding to both sets of ground motion records are
presented in Figure 4.

4.3. IDA analysis for a simple mathematical model

The simple mathematical model is introduced by a SDOF model, which is based on the results of
pushover analysis. Pushover analysis of the MDOF model was performed for the X direction only,
since the mathematical model of the test structure, too, was subjected only to ground motion in
the X direction. The load pattern employed in the pushover analysis corresponded to the dominant
mode shape in the X direction. The selected pushover curve and the idealized pushover curve are
presented in Figure 5(a).

The SDOF model was then defined based on the approach presented in [27]. The force–
displacement envelope of the SDOF model was obtained by dividing the forces and displacements
of the idealized pushover curve by a transformation factor �, which in this example, is equal to
1.26. The period of the SDOF model is 0.92. In order to simulate the hysteretic behaviour of the
MDOF model, the same hysteretic rules were used for the SDOF model. The force–displacement
envelope and the hysteretic behaviour of the SDOF model are presented in Figure 5(b).

In order to obtain the input data needed to define the precedence list of ground motion records,
IDA analysis was performed for the SDOF model by applying both sets of ground motions. The
single-record IDA curves and the corresponding median IDA curves are presented in Figure 6.
The time needed for the IDA analysis performed on the SDOF model is approximately the same
as the time needed for one nonlinear time-history analysis of the MDOF model.

4.4. Precedence lists of ground motion records determined on the basis of IDA analysis for the
simple model

The precedence lists of ground motion records were determined for the free- and near-field sets
of ground motion records by employing the GA and the simple procedure, which have been
described in Sections 3.2 and 3.3, respectively. The input data for determining the precedence
list are single-record IDA curves (Figure 6), the corresponding ID numbers of the ground motion
records (Table I), and median IDA curves (Figure 6).
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Figure 4. The elastic response spectra (5% damping) for the free- and
near-field sets of ground motion records.

Figure 5. The pushover curve, the idealized base shear–top displacement relationship (a) and the
force–displacement relationship for the SDOF model, with typical hysteretic behaviour (b).

The precedence list of the ground motion records is obtained by rearranging the ID numbers
of the ground motion records (Table I) in order to minimize the fitness function (Equation (1))
presented in Section 3.1. In the case of the GA, minimization of the fitness value as a function of
the number of generations is shown in Figure 7. In addition to the minimum value of the fitness
function, a mean fitness value of the generation is also shown. The mean value is obtained as
the mean fitness value within one generation. Note that one generation consists of 50 individuals
(Section 3.2), where each individual represents one ‘candidate’ for the precedence list of ground
motion records.
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Figure 6. The single-record IDA curves and the derived median IDA curves, corresponding to the SDOF
model, for the free- and near-field set of ground motion records.

Figure 7. The mean and minimum fitness values in each generation for the free- and
near-field sets of ground motion records.

The precedence lists of ground motion records are presented in Table II with the ID numbers
of the ground motion records presented in Table I, for both sets of ground motion records and for
both optimization techniques. Six and four, respectively, out of the first six records are the same
in the precedence list for the free- and near-field sets, in the case of both optimization techniques.
For example, the ‘selected’ median IDA curve for the first four ground motion records from the
precedence list, which was obtained by using the GA, is presented in Figure 8 and compared with
the ‘original’ median IDA curve. Very good correlation between the two median IDA curves is
observed for the free- and near-field sets of ground motion records.
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Figure 8. The single-record IDA curves for SDOF model, showing those corresponding to the first four
selected ground motion records, the original median IDA curve, and the selected median IDA curve. The

results are shown for the GA optimization technique and for both sets of ground motion records.

Figure 9. The ErrorTerm, (Equation (2)), versus the number of selected ground motion records for the
SDOF model, presented for both optimization techniques and for both sets of ground motion records.

The ErrorTerm, see Equation (2), depends on the number of selected ground motion records,
and is clearly equal to zero if the number of selected records is the same as the number of all the
records from the given set of ground motion records. The ErrorTerm is presented in Figure 9 for
both sets of ground motion records and for both optimization techniques. If the number of ground
motion records is equal to or greater than 2, then the error is less than about 5% and decreases
with the number of ground motion records.
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Table II. The ground motion record precedence list for both sets of ground motion records,
based on the GA and simple optimization techniques.

Free-field set of ground motion records Near-field set of ground motion records

Ground motion ID Ground motion ID

Precedence list GA Simple Precedence list GA Simple

1 22 22 1 51 51
2 7 7 2 30 49
3 17 21 3 40 40
4 6 6 4 28 28
5 21 17 5 49 45
6 10 10 6 35 43
7 18 18 7 43 25
8 16 4 8 45 30
9 23 9 9 25 27

10 19 5 10 36 36
11 13 13 11 37 37
12 4 19 12 50 50
13 24 23 13 31 31
14 8 8 14 33 33
15 9 2 15 53 38
16 15 16 16 48 42
17 2 14 17 32 35
18 20 20 18 27 46
19 14 12 19 38 39
20 5 3 20 42 32
21 12 11 21 39 41
22 3 15 22 26 48
23 11 24 23 34 34
24 1 1 24 52 52

25 29 29
26 44 26
27 41 53
28 47 47
29 54 54
30 46 44

4.5. IDA analysis for the MDOF model

Steps 6 and 7 of the methodology (Section 2) are illustrated in this section, whereas step 8, the
seismic performance assessment of the test structure, is outside the scope of this paper. Nevertheless,
in addition to the top displacement, the results are presented also in terms of the maximum inter-
storey drift ratio, which is usually a sufficiently good parameter for defining different limit states
(performance levels).

The single-record IDA curves for the MDOF model were calculated gradually, starting from the
first ground motion record in the predefined precedence list (Table II). The ‘tolerance’ (Equation (4))
was calculated after each single-record IDA curve was determined (Figure 10). For clarity of
exposition, the single-record IDA curves were calculated for all the ground motion records within
two sets of ground motion records, although there was no need to do so, because the tolerance
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Figure 10. The tolerance function versus the number of selected ground motion records for the MDOF
model, for both optimization techniques and for two different damage measures: (left) based on the

free-field ground motion records and (right) based on the near-field ground motion records.

for the selected IDA curve, based on a number of ground motion records equal to the first four
or more, is very low and drops below the acceptable tolerance level of 10%. It has, therefore,
been concluded that the first four ground motion records from the precedence list are sufficient to
predict the median IDA curve.

In general, the tolerance function decreases if the number of selected ground motion records
increases. For the first four and further selected ground motion records, the tolerance does not
change significantly, especially for the near-field set of ground motion records, which once again
confirms the previous observation.

The ‘selected’ median IDA curve, determined on the basis of an IDA analysis of only the first
four ground motion records from the precedence list (Table II), is presented in Figures 11 and 12,
in terms of the top displacement and maximum inter-storey drifts, respectively. From these figures
it can be seen that there is very good agreement, for both sets of ground motion records, between
the ‘selected’ median IDA curves, based on the two different procedures, and the ‘original’ median
IDA curve.

4.6. Discussion of the results

In order to measure the error between the ‘selected’ median IDA curves and the ‘original’ median
IDA curve, an ErrorTerm, as had been defined for the simple model (Equation (2)), was determined
for the MDOF model. This error is presented in Figure 13 for different damage measures, for both
of the optimization techniques employed to determine the precedence list and for both sets of
ground motion records. It can be seen that the error (Figure 13) is less than 10% if four or more
ground motion records are used to determine the ‘selected’ median IDA curve. Clearly, a larger
error is observed for the maximum inter-storey drift ratio in comparison with the error determined
for the top displacement. This conclusion was expected since the precedence list was determined
for the SDOF model, which can predict only the top displacement. It is also clear that the error
determined based on the SDOF model (Figure 9) is smaller than the error for the MDOF model.
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Figure 11. The single-record IDA curves, the first four selected single-record IDA curves, the selected and
the original median IDA curve for the MDOF model. The damage measure is the top displacement. The
results are presented for the free- and near-field sets of ground motion records and for both optimization

techniques (GA and simple procedure).

The difference arises from the fact that the error is minimized only for the SDOF model, and it
is assumed that this error will also be small in the case of the MDOF model. The GA and the
simple procedure for the determination of the precedence list can be used to minimize the error
practically to the same extent.

In the example, it was proved that the SDOF model was a sufficient representative of the simple
model. Although the force–displacement relationship of the SDOF model is determined from the
pushover curve, it was shown, based on a small parametric study, that even rough judgement for
the force–displacement relationship of the SDOF model may be satisfactory. However, in this
case, usually more than four ground motion records are needed for good prediction of the median
IDA curve. For different structures, especially for buildings or bridges, which are not first mode
dominant, the SDOF model may not be a sufficient representative of the simple model. Additional
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Figure 12. The single-record IDA curves, the first four selected single-record IDA curves, the selected and
the original median IDA curve for the MDOF model. The damage measure is the maximum inter-storey
drift. The results are presented for the free- and near-field sets of ground motion records and for both

optimization techniques (GA and simple procedure).

studies are, therefore, needed in order to define sufficient simple models for different types of
structures.

Although this study is focused only on the predicting of the median IDA curve, the 16 and
84% fractile curves can be determined based on the IDA analysis performed on the SDOF model,
similarly as has been shown in the case of other simplified methods for the determination of
approximate median curves (e.g. [2, 3]).

The proposed procedure for the prediction of the median IDA curve is, see Figure 9, more
efficient if the parity of the total number of ground motion records within one set of ground
motion records (n), as well as the number of selected ground motion records (s), matches. For
example, from Figure 9 it can be observed that the error is smaller if s is an even number since
for this example n is also an even number.
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Figure 13. The ErrorTerm versus the number of selected ground motion records for the MDOF model and
for both optimization techniques: (left) based on the free-field ground motion records and (right) based

on near-field ground motion records.

5. CONCLUSIONS

A methodology has been proposed in order to predict the median IDA curve with only a limited
number of ground motion records from a given set of records. For this purpose, the concept of a
precedence list of ground motion records has been introduced. Determination of the precedence list
of ground motion records is an optimization problem, which is solved in the paper by two different
optimization techniques. In the proposed methodology, as in many other simplified methods,
the response of a simple (e.g. SDOF) model is taken into account. Such an approach is not
computationally demanding, and can substantially decrease the number of nonlinear dynamic
analyses needed for sufficiently accurate prediction of the median IDA curve.

The methodology was applied to a three-storey-reinforced concrete frame building, using two
sets of ground motion records, one a free-field set and the other a near-field set. It was proved
that, for this particular example, the median IDA curve can be predicted with acceptable accuracy
by employing only four ground motion records instead of 24 or 30, which is the number of all
ground motion records in the free- and near-field sets of records, respectively. The error in the
prediction of the median IDA curve, in terms of the top displacement or maximum inter-storey
drift, is less then 10%. The genetic algorithm and the proposed simple procedure are efficient in
solving the optimization problem of the ground motion precedence list.

The applicability of the methodology is limited at this stage of the study, since the method was
validated only for a typical first mode dominant structure for which it was proven that the SDOF
model is adequate to predict the precedence list. Obviously, the sufficiency of the SDOF model
and the applicability of other possible simple models, which can be used for determination of
precedence list, are still open to be investigated especially for structures with significant higher
mode effects.
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