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Evaluation of Ground Motion Modification Methodologies for Seismic Structural Damage
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Abstract

The selection of appropriate ground motions and reasonable modification are becoming increasingly critical in reliable prediction
on seismic performance of structures. A widely used amplitude scaling approach is not sufficient for robust structural evaluation
considering a site specific seismic hazard because only one spectral value is matched to the design spectrum typically at the
structural fundamental period. Hence alternative approaches for ground motion selection and modifications have been suggested.
However, there is no means to evaluate such methodologies yet. In this study, it is focused to describe the main questions resided
in the amplitude scaling approach and to propose a regression model for structural damage as point of comparison. Spectrum
compatible approach whose resulting spectrum matches the design spectrum at the entire range of the structural period is
considered as alternative to be compared to the amplitude scaling approach. The design spectrum is generated according to
ASCE7-05.
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1. Introduction the selected records are within the expected range of force

demands dictated by the site-specific design spectrum. Two

It would be very important to apply a recorded ground of the main approaches to ground motion modification are
motion from a previous event that has same site condition, intensity based scaling and spectrum matching. The former
earthquake characteristics (such as distance, magnitude, involves magnitude scaling of acceleration time series at a
fault type, directivity, and etc.) for reasonable seismic spectral period, and the latter involves modifying the
design and evaluation because structural response is very spectral content of the time series for the entire range of
sensitive to the choice of ground motions especially in spectral periods in the design spectrum.
nonlinear dynamic analysis for offshore structures vulnerable The main issues that need to be considered in choosing
to seismic hazard (Kim, 2012; Jun et al., 2006). It would either of the ground motion modification methods are:
be extremely rare, however, to find such a ground motion 1) For the amplitude scaling approach
record. Hence, it is common practice to select empirical * What intensity measure should form the basis of
recorded motions from other locations with similar site and the selections?
hazard characteristics, which results in the necessity of * Whether the average or the maximum response
modifying ground motions so that the demands imposed by should be considered in performance assessment,
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i.e. are those values reliable?

2) For spectrum matching / spectrum compatible approach

* Is it too conservative to match the design spectrum
which is an envelope of multiple earthquakes?

* Does the modification of the frequency content
distort the non-stationary characteristics of the
time series?

* Is it unrealistic to smoothen out all the peaks and
troughs and thereby alter the structural response in

uncertain ways?

In this paper it is focused on evaluating both methods
against the so-called “true” solution assuming that a
predictive regression model utilizing high-end numerical
simulations and considering a large volume of earthquake
recordings enables the generation of a model that likely
produces the best possible prediction (Watson-Lamprey,
2007; Heo, 2009). Further details about the necessary
information such as a sample structural model, selected
ground motions, the proposed damage model, intensity
scaling and spectrum compatible methodologies, and etc.
are well described in Heo (2009).

2. Evaluation Framework

The proposed evaluation framework consists in the
development of statistical prediction models (or regression
model) based on the analysis of large data sets that consist
either of existing empirical data (such as ground motion
parameters from recorded motions) or simulated data from
detailed numerical procedures (such as nonlinear structural
simulations). The purpose of a regression model for
structural response is two-fold: first, it provides a simple
means to predict a reliable probabilistic structural response
quantity with considerable reduction in computational effort;
and secondly it offers a means to compare different
approaches in seismic structural analysis and resolve

existing controversy on ground modification and selection.

2.1 Regression Model for Structural Response

The typical procedure for developing a regression model
of a sample model response parameter, Y, in terms a set of
predictive parameters, X;, consists of the following steps.
An expression of the following form can be generated from

available data:
ln(Y):co+clln(X1)+~~+c”1n(Xn) (1)

In the above expression, n predictive parameters are
selected. The constants are determined by data analysis.
The importance of the selected variables can be established
by examining the magnitude of the constants and the
standard deviation of the residuals and the correlation
among the predictive parameters. The correlation can be

determined by examining the following parameter:

€, = ’ )

This is a residual normalized by the standard deviation
of the residual. The residual of the model Y is determined

from:
Oy =In¥Y— E(nY) 3)

Once it is confirmed that a correlation exists between
some of the predictive parameters, these variables should
be linked by correlation functions. For example, if &uxs, &ux
and &y are correlated, then the following correlation

functions can be developed:
€nx2 = Co T Crémx 4)
€nxs = o ¢ 1€nx1 T ¢ o€l xo (5)
Note that in the above expressions, each of the
predictive parameters can be formulated as a separate set

of regression models. This is a general process to establish

a regression model; hence, it can be applied to the
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development of regression models for both the structural
response in terms of ground motion parameters and ground
motion parameters in terms of earthquake parameters. For
example, to generate a regression model of a structural
response measure in terms of ground motion parameters,
the Damage Index (DI) calculated from an existing
damage model (Heo 2009) represents Y and spectral
acceleration amplitudes at critical periods (such as Sar;

and Sar) represent the predictive parameters.

2.2 Regression Model for Ground Motion Parameter

Ideally, the objective of the probabilistic assessment is to
establish the probability of exceeding a certain damage
threshold given an earthquake scenario. To accomplish
this, it is also essential to develop a ground motion
prediction model in terms of earthquake parameters (such
as moment magnitude, M, of the earthquake and closet

distance to the rupture zone, R)

InSap =cy+eyInM+cy,InR (6)

In the above example, only a single ground motion
parameter and two earthquake parameters are considered.
Additional forms of the above model are obviously
possible and the choice of parameters depends on numerous
factors. The development of a ground motion prediction
model based on earthquake site and source characteristics
is beyond the scope of the present study because a large
body of literature currently exists on this topic in the field
of seismology. In the present study, spectral magnitudes

are generated using provisions in ASCE 7-05.

2.3 Probability Density and Fragility Curve of the Response

Finally, the probability that a set of ground motions
causes a selected damage index to be exceeded for a given
earthquake scenario is computed by integrating the
probability distribution of the structural response measure
(DI) over the truncated area from &’gnups (the value of the

normalized residual corresponding to a specified damage
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state, di) to infinity:

PDI> dil Sapyu)= [ f, dey, (D)
6‘1\/)1

S - N(M51n0f7051xlpi> (8)

DI= exp(ln DI)exp (eo-lnma(jmm) )

In the above equations, feﬁ is the normal distribution

function of the normalized residuals with the mean, s, s
and standard deviation, O 00 of the computed damage

indices. The cumulative probability density distribution

represented by Eq. (7) is referred to as a fragility function.

2.4 Probabilistic Performance Evaluation

The procedure described in Section 2.1 through 2.3 is
applied to develop predictive models of the response of a
12-story with 5-bay RC building designed to modern
seismic provisions. The true response model is generated
through a complete set of 200 nonlinear time-history
simulations of the building. The following ground motion
parameters are considered: spectral acceleration at the
fundamental period, Saz;, the spectral acceleration at the
second mode period, Sar;, the spectral acceleration at the
third mode period, Sars. Higher mode ground motion
parameters can be a reliable parameter in case that ground
motions push the system well into the inelastic response
region. The following combination of ground motion
parameters were considered in generating the regression

model:
E(InDI) = cy+ ¢;InSapy + cyInSap + cyInSap (10)

Results of the data analysis using the proposed structural
damage in Heo (2009) are presented in Table 1.

Fig. 1 shows the representative structural damage residuals
for the 200 simulations as a function of various ground

motion parameters, which indicates that the prediction is



Table 1 Regression coefficient for the response model using

Table 2 Seventeen (17) ground motion details

damage indices reinforced concrete frame - -
No Earthquake Name Station Sail type
O som s, [N (€] Cy c3 1 | 1992 Cape Mendocino Rio Dell Overpass—FF D
0.1609 0.3979 —0.4980 0.3464 0.1147 0.2577 2 | 1992 Cape Mendocino Petrolia C
3 | 1986 Chalfant Valley—02 | Zack Brothers Ranch (270) D
4 | 1986 Chalfant Valley—02 | Zack Brothers Ranch (360) D
PR ' | ' ' | 5 | 1999 Chi=Chi, Taiwan | TCUO68 D
g 6 | 1999 Chi—Chi, Taiwan | TCUO72 D
g 05) e . . i 7 11981 Corinth, Greece Corinth D
% ® . 8 | 1995 Dinar, Turkey Dinar (90) D
% 0 ° . ° gﬁ‘%gggs oe | 9 | 1995 Dinar, Turkey Dinar (180) D
% ° 090 g ‘e ,%% 10 | 1999 Duzce, Turkey Duzce (180) D
9 . 11 | 1999 Duzce, Turkey Duzce (270) D
g 05 ° 4 12 | 1992 Erzican, Turkey Erzincan D
g 13 | 1979 Imperial Valley—06 | Aeropuerto Mexicali D
n ° 14 | 1979 Imperial Valley—06 | Chihuahua D
35 2 45 4 05 0 05 15 | 1979 Imperial Valley—06 | EC Meloland OverpassFF D
Sa(T1) (log) 16 | 1979 Imperial Valley—06 | El Centro Array #11 D
(a) for the spectral acceleration at the first mode period 17 | 1989 Loma Prieta Sunnyvale—Colton Ave. D
1 : : : : :
0
g Table 3 The peak ground accelerations (PGA) and the
° 05l oo ] spectral accelerations at the fundamental period
g L ° °° . (Sar;) of the 17 ground motions
© o % 0 . °%g
% . ° s °°°8°°: o %o | No 1 2 3 4 5 6
% ° ° 0&%8;3%080 > & PGA 0.386 0.597 0.447 0.400 0.464 0.402
a ° o’ §o° ° Sam | 0128 | 0129 | 0135 | 0102 | 0520 | 0.268
g 05 ° ] No 7 8 9 10 11 12
g PGA 0.241 0.352 0.283 0.349 0.536 0.498
73] ° Sar; 0.093 0.358 0.202 0.216 0.421 0.360
a5 a4 w05 0 05 1 No 13 14 15 16 17
Sa(T2) (log) PGA | 0333 | 0273 | 0296 | 0364 | 0.208
(b) for the spectral acceleration at the second mode period Sar 0.226 0.104 0.507 0.220 0.155
Fig. 1 Structural damage residuals versus spectral accelerations
Table 4 Record sets for scaling approach
quite reasonable within about 16% of the standard deviation. il ) i3
Recall from Eq. (3) that the residual is the difference No SF No SF No SF
between the natural logarithm of the model prediction and ! 249 ! 249 16 0.61
the actual simulated value from the numerical simulations. 2 247 2 247 77 089
3 2.36 3 2.36 78 1.58
Among 200 ground motions and the corresponding 1 312 ) 061 o 076
structural responses, seventeen (17) ground motions and 6 1.19 10 1.47 36 0.88
the structural responses are randomly selected to evaluate 7 3.42 11 0.76 91 141
two of ground motion modification methodologies. The 17 205 17 205 % 0.63

details of the selected ground motions are listed in Table 2
and Table 3.
For intensity scaling approach, three sets of seven

ground motions are selected from a bin consisting of the

17 randomly selected ground motions. The seven ground

motions contained in these ground motion sets and each

scale factor(SF) are tabulated in Table 4.
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(d) 17 spectral matched records

Fig. 2 Spectra of scaled record (Notation: Design: ASCE 7—05 design spectra; matAvg: average of spectrum—matched records)

The acceleration spectra of these ground motions are
scaled to the design spectrum at the fundamental period.
The scaled spectra for each set are plotted in Fig. 2(a)~(c)
respectively. The design spectrum drawn from ASCE7-05
is also presented in each figures with red solid line. Also
spectral matched ground motions are created for all 17
ground motions (Fig. 2(d)). For these scaled and spectral
matched ground motions, nonlinear transient structural
analyses were carried out in order to generate structural
performance indices such as material based damage,
inter-story drift ratio, plastic rotation, and etc.

The probability distributions of structural performance
for the scaled and spectrum-matched ground motions are
compared to the one for 200 unscaled ground motions.
This probability distribution for 200 unscaled ground

motion can play a role of “true” solution and it is shown
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in Fig. 3 with bold solid line. Also, regular solid line and
dotted line display the probability distribution of structural
performance for spectrum-matched and scaled ground
motions respectively. In Fig. 3(a), the probability distributions
are plotted using all 17 ground motions for both
approaches while only 7 ground motions are used as listed
in Table 4 for Fig. 3(b)~(d). The results of the comparison
clearly indicate that the spectrum-matched records consistently
provide mean estimates of damage that are close to the
“true” model and generally have the least dispersion
compared to the other ground motion sets. The three sets
of scaled motions provide different estimates of mean
damage with Set 1 in Fig. 3(b) providing estimates that
are further from the true model. This suggests that using
scaled records require a process of careful record selection

so that the mean estimates are reliable.
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Fig. 3 Probability distribution of damage index

3. Conclusions

A probabilistic framework is used to assess the suitability
of two ground motion modification methods. 200 nonlinear
transient structural analyses are carried out for a 12-story
with 5-bay RC building designed to modern seismic
provisions using OpenSEES (2012). It was demonstrated
that the mean estimates of structural damage using a
limited subset of spectrum-matched records are statistically
more consistent than similar estimates using the same set
of scaled records. Therefore, significantly more effort
should go into selecting appropriate records when using a
scaling approach. Consequently, spectrum compatible approach
provides more reliable prediction of seismic performance
for RC buildings with much less computational cost than

other existing methodologies to select and modify ground

motions. Further research should explore the effect of different

structural types on seismic performance evaluation.
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