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MULTI-OBJECTIVE OPTIMUM SELECTION OF GROUND MOTION
RECORDS WITH GENETIC ALGORITHMS

Panagiotis MERGOS!, Anastasios SEXTOS? 3

ABSTRACT

Existing ground motion selection methods for the seismic assessment of structural systems consider only spectral
compatibility as selection objective. Other important earthquake parameters such as those related to regional
seismicity, local soil conditions, strong ground motion intensity and duration are considered indirectly by setting
them as selection constraints. This study presents a new framework for the optimum selection of earthquake ground
motions, where more than one objectives are considered explicitly in the selection procedure including objectives
that are not directly related to spectral matching. To address the multi-objective nature of the optimization problem
examined herein, the weighted sum method is used that supports decision making both in the pre-processing and
post-processing phase of the selection procedure. The optimum selections are conducted by the use of a mixed-
integer genetic algorithm that is able to track near-global optimal solutions of constrained problems with both
discrete and continuous design variables. It is found that proposed methodology is able to select ground motion
sets that are both spectrum compatible and representative of the seismic conditions of the structural system under
investigation.

Keywords: Selection; Ground motions; Optimum; Multi-objective; Genetic algorithms

1. INTRODUCTION

The need for accurate prediction and control of damage imposed to structures by earthquakes requires
the use of advanced structural analysis procedures (Mergos 2016). Clearly, the most accurate procedure
for determining seismic demands is the rigorous inelastic response history analysis with step-by-step
integration of the equation of motion in the time domain (Fardis 2009). In response history analysis,
seismic actions are represented by ground motion records. Previous studies (Katsanos and Sextos 2017)
have shown that the selection of earthquake-induced ground motions represents the most significant
source of uncertainty in the calculation of seismic demands undermining the reliability of response
history analysis. Therefore, efficient methodologies for the appropriate selection of ground motions in
seismic assessment and design of structures are essential.

Previous studies dealing with the selection of ground motion focus exclusively on spectral matching in
terms of either central values or variability by setting them as selection objectives (Katsanos et al. 2010;
Katsanos and Sextos 2017, Moschen et al. 2017). In this manner, other important selection criteria such
as those related to the seismology of the region, soil conditions, strong ground motion intensity and
duration are treated as secondary by setting selection constraints based on their parameter values in the
pre-processing phase.

In this study, a new approach for the selection of earthquake ground motions for seismic assessment and
design of structural systems is proposed based on the principles of multi-objective optimization. The
method treats as selection objectives not only spectrum compatibility as in previous studies but also a
number of selection criteria either of seismological nature or directly related to the local soil conditions
as well as strong motion intensity and duration of the ground motions. By treating these criteria explicitly
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as objectives, the selected sets of ground motions can become more representative of regional seismicity
and soil conditions as well as of anticipated seismic demands and cumulative damage effects.
Furthermore, stringent pre-selection criteria can be relaxed leading to pools of eligible ground motions
sufficient to provide satisfactory spectrum compatibility. The proposed method is particularly suitable
for scenario-based seismic assessment (FEMA P-58, 2012), where the performance of structures is
evaluated assuming that they are subjected to an earthquake scenario consisting of a specific magnitude
earthquake occurring at a specific location relative to the structure site.

Optimum selections of ground motions are performed in this study by the use of a genetic algorithm that
is able to track near global optimum solutions of constrained problems with both discrete and continuous
design variables. Furthermore, the Weighted Sum method is used herein to address the multi-objective
optimization problem that supports decision making both in the pre-processing and post-processing
phase of the selection of ground motion sets.

2. MULTI-OBJECTIVE GROUND MOTION SELECTION METHODOLOGY
2.1 General

The methodology used herein to select ground motion sets can be divided into three distinct phases: pre-
processing; processing and post-processing. Each of the phases are described in detail in the following.

2.2 Pre-processing

As a first step, a target response spectrum must be specified in the pre-processing phase. Furthermore,
a number of pre-selection criteria are applied in order to select an appropriate pool of ground motion
records from a strong motion database such as the European Strong-motion Database (ESD), the PEER
Ground Motion Database (PEER) and others. The main difference of the suggested methodology with
respect to others in this procedure is that the pre-selection criteria can be significantly relaxed depending
on the adopted selection objectives that will be discussed in the following. In this way, more eligible
ground motion records can be employed in the selection procedure increasing the potential for improved
spectral compatibility.

The next step in this phase, deals with the setting of the selection objectives. As discussed, in previous
research efforts, the selection objectives are typically pre-determined and solely related to spectrum
compatibility. However, in the proposed procedure and depending on the nature of the problem of the
seismic assessment under investigation, additional selection objectives can be considered related to the
seismology of the region, local site conditions as well as strong motion intensity and duration. Setting
these objectives will be discussed in greater detail in the processing phase of the ground motions
selection procedure.

A final, provisional, step in the pre-processing phase is the selection of appropriate fixed values of the
weights of the selection objectives to be used in the weighted sum method described later in the
processing phase. This step supports decision making in this early phase of the selection procedure.
However, it is not required if a number of different Pareto-front optimal solutions are to be derived as
explained in the following.

2.3 Processing
2.3.1 Introduction

In this phase, a single set of ground motions is selected in the case of single-objective optimum selection
or multi-objective optimum selection with fixed weight values determined in the pre-processing phase.
Furthermore, a number of different sets of ground motions on the Pareto-front of the selection objectives
can be derived in the case of multi-objective optimum selection with no pre-fixed weight values. These
Pareto-optimal solutions represent the best feasible trade-offs between the different selection objectives
as shown in Figure 1 for the case of two selection objectives.
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Figure 1. Pareto-optimal solutions
2.3.2 Optimization problem formulation

In a general multi-objective optimization problem, the aim is to minimize a set of p objective functions
Fi(x) (i =1 to p) subject to g number of constraints gj(x) < 0 (j =1 to g). A design solution is represented
by the design vector x, which contains | number of independent design variables x; (t = 1 to I).

The Weighted Sum method is the simplest and most intuitively meaningful means of solving a multi-
objective optimization problem (Yang 2014, Messac 2015). In this method, the multi-objective
optimization problem is solved as an equivalent single-objective optimization problem, where a
combined single objective F(x) should be minimized. F(x) is simply a weighted linear combination of
all the individual objective functions Fi(x). Therefore, following the proposed methodology, the
optimization problem, in the simple case of two objectives, is written as:

Minimize: F(x) =w; F(x) + w, - F,(x)

Subject to: gix) <0G =1toq) Q)
wyt+w, =1

Where: x = (xq1,%Xp, ..., X)

In Equation 1, w; (i =1, 2) are the values of the weights corresponding to the individual function
objectives Fi(x).

As discussed, the values of the weights may be fixed in this stage based on decision making in the pre-
processing phase. In this case, the optimal solution derived will be a single point of the Pareto-front in
the objective solution space as presented in Figure 1 for the case of two selection objectives. By changing
the weights gradually from 0 to 1, a series of points Pareto-optimal points is obtained and thereby the
Pareto-front is approximated.

Equation 1 is easy to implement when the individual objectives Fi(x) are of similar nature. However, in
the general case where the Fi(x) (i = 1, 2) are of different nature then the selection of their corresponding
weight values wi; is not straightforward. In this cases, it is recommended (e.g. Messac 2015) to use a
normalized version of the equivalent single-objective function F(x) given by:

F(x) = wy - F; (%) + w, - F,(x) 2

In Equation 2, F;(x) (i = 1, 2) are the normalized individual objective functions given by Equation 3,
where F; i, is the minimum value of F;(x) calculated by setting in the optimization problem of
Equation 1 that F(x) = F;(x) and F; .4, is the maximum value of F;(x) calculated by setting in the
optimization problem of Equation 1 that F (x) = F;(x) with j #i. The previous minimum and maximum
values are shown in Figure 1 for clarity.

Fi (x) = Fi(x)=Fimin(x) 3)

Fimax () =Fimin(x)



Having established F;(x) optimal values by solving the optimization problem of Equation 1, the
corresponding F;(x) values are easily retrieved by solving Equation 3. It is noted that the previous can
be easily extended to the general case of more than two selection objectives.

2.3.3 Solution algorithm

The optimization problem of Eq. (3) is solved in this study by the use of the mixed-integer constrained
Genetic Algorithm (GA) implemented in MATLAB 2017a (MathWorks 2017). GA (Holland 1970)
belong to the class of stochastic, nature-inspired heuristic algorithms. They are based on Darwin’s theory
of natural selection and evolution. They can be easily implemented and applied to advanced optimization
problems since they don’t require use of gradients of cost or constraints functions. Furthermore, they
are able to identify global optima as opposed to local optimum solutions (Yang 2014).

2.3.4 Selection variables

The design variables are the properties of the optimization problem that can change values during the
optimization solution. In the selection of suites of ground motion records of size n examined herein, the
first n design variables xx (k = 1 to n) are the record serial numbers inside a pool of m eligible records
(1 <n < m). The next n design variables are the corresponding scale factors Sfy (k =1 + n to 2n).
Therefore, the design vector x can be written as:

X = (X1, eer Xy Xpg 1y o+ » X211) 4

In this formulation, the first n design variables (serial numbers) are represented by integer values. The
second n variables (scale factors) are represented by positive real numbers. It is noted that this
formulation, that allows for variable and different scale factors of the individual ground motion records,
is the most general and allows for the maximum solution space in the selection procedure at the expense,
occasionally, of more iterations till convergence to the final solution.

2.3.5 Selection constraints

The selection constraints g;(x) (j = 1 to q) represent additional limitations in the selection and scaling

of ground motions procedure that are complementary of the selection criteria in the pre-processing

phase. Typically, they represent restrictions securing the reliability of spectral matching that are not

explicitly addressed in the pre-processing phase. For example, Eurocode-8, Part-1 (CEN 2004) sets the

following spectral matching limitations in the selection of sets of ground motions for the seismic

assessment of a structural system with fundamental period Ti:

i) The mean of the zero period acceleration values of the scaled individual response spectra should
be larger than the zero period acceleration of the target code spectrum.

i) In the range of periods between 0.2T; and 2T, no value of the mean 5% damping elastic
spectrum, calculated from all time histories, should be less than 90% of the corresponding value
of the 5% damping of the code elastic response spectrum.

2.3.6 Selection objectives

As discussed, typically, objectives in the selection of ground motions procedure are metrics quantifying
the quality of compatibility of the scaled ground motions spectra with the target spectrum. Different
metrics are generally used to serve this goal (e.g. Beyer and Bommer 2007). A very common metric that
is focussing on mean estimates of structural response is the normalized root-mean-square-error &
between the scaled average spectrum of the set of ground motions and the target spectrum:

_ |3 Saavg,sc(Ti)—Sasrg(Ty) 2
6= \]N i=1 ( Satrg(Ti) ) (5)




In the above equation, Sag,q < (T;) is the spectral ordinate of the scaled average spectrum at period T;,
Sa.rg(T;) is the ordinate of the target spectrum at the same period and N is the number of period sample
values used within a pre-defined range of periods, where matching is envisaged (e.g. between 0.2T; and
2T according to Eurocode-8, Part-1 (CEN 2004)).

For first time in the present study additional objectives in the optimum selection of ground motions are
explicitly considered that are not directly related to spectrum compatibility. These objectives can be
directly linked to parameters related to regional seismicity, local site conditions, strong motion intensity
and duration that are considered only indirectly in the pre-processing phase. For example, it may be
desirable that the selected ground motions have similar magnitude M and/or source-to-site distance R
to the earthquake scenario that dominates the seismic hazard at the site of interest. Furthermore, it can
be important that the ground motions are chosen so that they have been recorded on soil profiles with
Vs o similar to the soil profile at the site of the structure. In addition, they may be selected to have strong
motion intensity parameters, such as PGA and Su(T1), and/or strong ground motion duration ts and
number of cycles close to the ones expected at the site of interest.

In all these cases, the selection objective can be to minimize the normalized root-mean-square-error eq
(Equation 6) between the selected ground motion properties values Q; (j = 1ton) and the
corresponding target property value of the selection procedure Q4, Where Qcan be M, R, Vs, PGA,
Sa(T1), ts and any other desirable scalar property.
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In addition to the previous, another important objective is considered herein to reduce the bias
introduced by spectral scaling (e.g. Luco and Bazzuro 2007). According to this objective, the scale
factors of the individual spectra should remain as close as possible to one (un-scaled spectra). This
objective can be expressed in the same context as the one used in Equation 6, simply, by setting Q; =
Sfi(i=1ton)and Qyg = 1.

2.4 Post-processing

This last phase of the selection procedure is required only when multi-objective optimum selection is
applied without fixing the values of the selection weights in the pre-processing phase. In this case, a
number of Pareto-optimal selections is returned by the algorithm and it is up to the engineer to design
the most suitable to the goals of the seismic assessment. Elements of engineering judgement and decision
theory can be used in the stage.

3. GROUND MOTION SELECTION APPLICATIONS
3.1 Introduction

To illustrate the applicability and efficiency of the proposed methodology, ground motion sets will be
selected according to Eurocode 8 — Part 1 (CEN 2004) for the seismic assessment of a structure of
ordinary importance with fundamental period T1= 0.75 s resting on soil profile with Vs 3= 600 m/s that
is classified as ground type B according to the specifications of EC8- Part 1. The structure is assumed
to be located in a region of high seismicity that is dominated by an earthquake scenario of moment
magnitude My = 6.2 at an epicentral distance of R = 20 km. The motions will be selected for the 10%
probability of exceedance in 50 years seismic hazard level with anticipated PGA = 0.24g.

In this study, all ground motions are taken from the European Strong-motion Database (ESD).
Appropriate pre-selection criteria need to be applied to derive ground motions compatible with the
conditions of the seismic assessment under investigation. Herein, a number a broad range criteria are
used to filter the eligible ground motions. These are: i) My > 5.5; ii) R > 10km; iii) Ground type B; iv)
Both horizontal ground motion components have PGA > 0.02g. Applying these filters in the ESD returns

5



184 ground motions with two horizontal components, therefore 368 different ground motion records.
From these motions, only the 104 (208 horizontal records) are recorded on soil profiles with known Vs 3.
The latter records are used herein as the basic pool of eligible ground motion records because Vszo will
be set as one of the selection objectives.

As a target spectrum, the Type-1 (high seismicity) spectrum of EC8 — Part 1 is used in this study as
prescribed for soil class B, PGA = 0.24 g, importance factor y, = 1 (structures of ordinary significance)
and 5% viscous damping.

In the following, the results of the ground motion selections will be presented for different objectives.
First, single-objective selections will be presented to act as a reference and verify the reliability of the
applied procedure. Next, a number of different multi-objective optimum selections are examined and
critical comments are made with regards to the derived optimal solutions.

3.2 Single-objective selections

In this section, selection of sets of 7 ground motions are examined for a single objective, which is to
minimize the error ¢ between the scaled average spectrum of the set of ground motions and the target
spectrum as given by Equation 5. EC8-Part 1 (CEN 2004) selection constraints are applied as discussed
in the processing phase of the proposed selection procedure. In addition, it is set that the zero period
acceleration values of the individual response spectra, after scaling, should be between 0.5 and 2.0 times
the corresponding value of the target spectrum to limit excessive variability of the scaled individual
spectra.

The optimum selections are performed with the use of the mixed-integer GA solution algorithm
discussed in the previous. In total, 14 selection variables are used. This counts for 7 integer variables for
the serial numbers of the ground motions and 7 real variables for the scale factors. A population size of
100 individuals with 5 elite individuals is used. Each GA run is terminated after 3000 generations. In
total, 100 independent runs of the GA are performed. Due to the stochastic nature of the GA algorithm,
each run may provide a different selection set and corresponding ¢ value.
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Figure 2. Single-objective ground motion selections using the GA algorithms. a) ¢ values obtained from different
GA runs; b) Spectra of the selected ground motion set

Figure 2a presents the ¢ values obtained from the 100 independent GA runs. A considerable variation
of these values is observed with a coefficient of variation of 0.35. The median value is 0.053 and the
minimum 0.028. The latter value was obtained at the 25" run of the algorithm. Therefore, in general, a
sufficient number of independent GA runs is required to get the best solution. However, in this example,
it may be observed that even from the 1% run a ¢ value very close to the minimum is obtained that could
be used to select an alternative set of ground motions. Furthermore, Figure 2b shows the spectra of the
set of ground motions with the minimum ¢ values and how they compare with the target spectrum. It is
evident the excellent matching, inside the specified period limits, of the average and the target spectrum
which is the single objective of this selection.



3.3 Multi-objective selections
3.3.1 Introduction

In this section, selections of sets of 7 ground motions for two objectives are examined. Again, the
optimum selections are performed with the use of the mixed-integer GA solution algorithm with 14
independent selection variables. A population size of 100 individuals with 5 elite individuals is used.
Each analysis is terminated after 3000 generations. The bi-objective optimum selections are examined
by applying the weighted sum method as expressed by Equation 2. In all cases, J is used as the first
selection objective function F; (x) to represent the quality of spectral matching. Then, a variety of second
objectives F,(x) is applied to derive the corresponding Pareto-fronts. To serve this goal, Equation 2 is
applied for 5 different values of wi =0, 0.25, 0.50, 0.75 and 1.00, whereas w; is determined as w, = 1-
w1. In this manner, 5 Pareto-front optimal points are derived that can be used to approximate the entire
Pareto-front. In the following, these optimal points are numbered according to their wi values in
ascending order. In this way, the 1% point (w; = 0) corresponds to single-objective optimization for
minimum F,(x) and the 5" point to the solution for minimum F; (x). Clearly, as w; increases more
emphasis is placed on ¢ with respect to the alternative selection objectives. For each Pareto-front optimal
point, 100 independent GA runs are conducted and the solution yielding the minimum F (x)function is
selected. In the following, the results obtained for the different F,(x) objective functions are presented
in detail.

3.3.2 Seismological parameters M, R

The aim here is to present the Pareto-front optimal solutions in terms of J versus em, where ey is the
error of the magnitudes of the selected individual ground motions My,i with respect to the target value
Muw,trg = 6.2 specified by the earthquake scenario under examination. Figure 3a illustrates the derived
Pareto-optimal points. In this figure, as well as in all similar figures presented later, point serial numbers
(1 to 5) increase as moving from the left to the right side. As expected, point 5 exhibits the best solution
in terms of spectral matching but with a high error in magnitudes and point 1 the most representative
one in terms of earthquake magnitudes but with rather poor spectral matching (6 = 0.19). However, in
between, all points 2, 3 and 4 constitute rather attractive solutions. For example, point 4 imperceptibly
increases the minimum ¢ value of point 5 while reduces em by 70%. Furthermore, points 2 and 3 also
represent acceptable solutions in terms of spectral matching (6 = 0.05) with small errors in magnitudes.
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Figure 3. Pareto-front optimal solutions: a) ¢ versus ew; b) J versus er

Figure 4 presents the spectral matching attained by the ground motion sets of point 1 and 2. It is shown
that point 2 exhibits much better matching of the target and mean spectrum with almost the same ew,
when compared to point 1. Therefore, it would generally be preferable to point 1. At this point, it
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becomes evident the main advantage of the derivation of a range of of Pareto-front solutions in the
selection of ground motion sets. It allows for informed selection-making based on the trade-offs between
the various selection objectives.
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Figure 4. Spectral matching of different ¢ versus em Pareto-optimal solutions: a) point 1; b) point 2

Figure 3b presents the o versus er Pareto-front optimal solutions, where er is the error in distances for
the target distance Ryq = 20km. It can be seen in Fig. 4b, that points 3 and 4 greatly reduce the error in
distances whereas they only marginally influence spectral matching. Therefore, even though R is not
strongly related to structural responses (Katsanos et al. 2010), points 3 and 4 could be considered instead
of point 5 since they are more representative of the regional seismicity and they provide almost
equivalent spectral matching.

3.3.3 Strong motion intensity and duration parameters

In this section, the PGA strong motion intensity measure (IM) is included in the selection procedure.
To serve this goal, one of the two objectives is set to minimize the error epca of the individual ground
motions with respect to the target PGA = 0.24g. Figure 5a shows the obtained & versus epca Pareto-
optimal solutions. It is clear in this figure that the solution for minimum epca yields very poor spectral
matching. On the other side, points 4 and 5 have similar ¢ values. Therefore, point 4 represents a
considerable alternative to point 5.

Strong motion duration may have significant effects on structural response especially of structural
systems that exhibit rather poor hysteretic response (Mergos and Beyer 2014). A variety of metrics exist
in literature to quantify strong motion duration (Bommer and Martinez-Pereira 1999). Perhaps, the
simplest metric is the so-called bracketed duration defined as the total time elapsed between the first
and last excursion of a specified level of acceleration a,. In this section, the duration ts 02 is used, which
is based on o= 0.02 g. The anticipated ts0.0- can be directly estimated for the earthquake scenario under
investigation (My, = 6.2 and R = 20 km) by using attenuation relationships such as the one proposed by
Koutrakis et al. (2008) for the case of Greece. Using this relationship, it is found that the expected t; .02
is approximately 9.5 s. To consider the anticipated duration in the selection of ground motions, it is set
as one of the two selection objectives to minimize the error e of the 0.02 g bracketed duration of the
individual ground motions with respect to the target duration ts g = 9.5 s. Figure 5b presents the J versus
e Pareto-optimal solutions. It can be seen that the point 1 leads to high ¢ values (6 = 0.29) whereas
point 5 drives to rather high error in duration. Therefore, points 2 - 4 could be also considered to be used
for the purposes of the seismic assessment.
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3.3.4 Soil profile parameter V3o

It is known that the geotechnical profile affects both the amplitude and duration of strong ground
motions as well as their computed response spectra (e.g. Katsanos et al. 2010). Typically, the soil profile
is considered in the selection procedure by site classification. In the problem investigated herein, the
soil is classified according to EC8 — Part 1 as Type B that represents a rather broad range of Vs 3o values
between 360 m/s to 800 m/s. However, if the actual Vs3 value at the site of the structure is known
(assumed 600 m/s herein), then it is worthwhile to investigate J versus evs s Pareto-optimal solutions by
setting the known shear wave velocity as the target value. Figure 6 presents the obtained optimal
solutions. It is evident that, apart from point 5, points 3 and 4 are good quality solutions since they
contain motions recorded in more similar profiles to the site of interest and they only slightly reduce
spectral matching with respect to point 5.

0.25 o e .
02F .
0.15 - 1
- , ]

0.1 7

0.05 ]

eVs,S’O
Figure 6. J versus eys 3o Pareto-front optimal solutions

3.3.5 Scale factors

It has been shown (e.g. Luco and Bazzuro 2007) that the use of excessive scale factors in the selection
of ground motions may introduce a bias to structural responses. On the other hand, the use of only un-
scaled ground motions may drive to poor spectral matching and in some cases not feasible selection of
ground motions sets (lervolino et al. 2010). To avoid these limit cases, a bi-objective selection approach
is proposed herein, where one of the objectives is that the scale factors of the individual ground motions
are equal to one (i.e. un-scaled motions). This is easily achieved in the proposed framework of this study
by minimizing the error of the scale factors ess with respect to 1, that is given by Equation 6 by setting

9



Qi = Sfl (l =1to n) and QtTg =1.

Figure 7 presents the obtained o versus est Pareto-optimal solutions. It is interesting to note in this figure
that point 1 has zero esr. This is expected since it simply means that the algorithm found an un-scaled
set of ground motions. However, this point is characterized by rather poor spectral matching (6 = 0.15).
Therefore, it will be more appropriate to use one of the other Pareto-points that have significantly
smaller and generally satisfactory o values (i.e. 0 < 0.05). It is also noteworthy that esr can be
significantly reduced from 5.8 (point 5) to 1.9 (point 2), decreasing the mean scale factor from 6.2 to
2.9, for very small increase of .
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Figure 7. o versus es Pareto-front optimal solutions
4. CONCLUSIONS

This study presents a novel approach for the optimum selection of ground motion records to be employed
in the seismic assessment of structural systems. This approach uses more selection objectives than just
spectral compatibility. The additional selection objectives are related to regional seismicity, local soil
conditions, intensity and duration of strong ground motions anticipated at the site of the structural system
under investigation. Furthermore, the selection of scale factors near unity (un-scaled spectra) is also
treated as independent selection objective to reduce the bias introduced in seismic assessment by using
high scale factors.

The derived multi-objective optimization problem is solved as an equivalent single-objective
optimization problem by employing the simple and intuitively meaningful Weighted Sum method that
supports decision making both in the pre-processing and post-processing phase of the selection of
ground motion sets. Then, the optimum selections of ground motions are conducted by the employment
of a genetic algorithm that is able to track near global optimum solutions of constrained problems with
both discrete and continuous design variables. However, the proposed selection approach can be
implemented by employing any other single-objective optimization algorithm addressing constrained
optimization problems with mixed design variables.

It is found that the proposed framework is able to select scaled ground motion sets that not only provide
excellent spectrum compatibility with a target spectrum, but are also representative of the seismic
conditions of the structural system under examination.
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