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Abstract

The research project presented here dealt with an important aspect of seismic
structural response that is still not fully understood. Its objective was to develop
criteria to choose suitable earthquake recordings (acceleration fime histories) to
be used in non-linear dynamic analyses for seismic design, evaluation and up-
grade of ductile reinforced concrete structures.

If several earthquake recordings have the same spectral acceleration at the
natural frequency of a single-degree-of-freedom-system (SDOF system), the same
displacement demand would result for this SDOF system from linear response
spectra analyses. However, non-linear dynamic analyses would lead to different
displacement or ductility demands. The key question is what characteristics of the
earthquake recordings influence the system's displacement or ductility demand.
The structural engineer will only be in a position to choose the earthquake
recordings for non-linear dynamic analyses in a rational manner once this question
is answered.

The methodology of the present study consisted of systematic investigations of the
non-linear response of SDOF systems subjected to different earthquake recordings.
The structural behaviour is described by six different recognised hysteretic models.
164 earthquake recordings, taken from the European Strong Motion Database,
were used in this study.

The final displacement or ductility demand of the SDOF systems was correlated
with different earthquake characteristics, such as effective peak ground acceler-
ation, spectral acceleration, slope of response spectra, spectral intensity, etc. As
expected from the literature, the spectral intensity defined by Nau and Hall gives a
fairly good correlation with the displacement or ductility demand. A modified
spectral intensity is proposed here in order to improve this correlation. This modi-
fication takes into account the structure’s "initial" natural frequency and the design
ductility. As a conclusion, recommendations for structural engineers are formulated
that are believed to increase the reliability of non-linear seismic analyses.

In addition, the impact of “fling” on structural behaviour was addressed, too. Fling
is a strong velocity pulse that results in permanent ground displacement. It has
been observed in recent earthquake recordings stemming from statfions situated
close to the earthquake source. 18 recordings of the Chi-Chi Taiwan (1999) earth-
guake containing fling were applied to the SDOF systems. The resulting ductility
demand was compared with the one of the same recordings affer extraction of
the fling. In many cases, the results obtained showed relatively small differences.
Surprisingly, where differences occurred, larger displacement or ductility demands
resulted for the recordings without fling, with the exception of one single case. The
reasons for this peculiar result are not yet understood. It can be concluded that
much more research work is needed in order to understand the impact of fling on
engineering structures.
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Infroduction

The research project presented here dealt with an important aspect of seismic
structural response that is still not fully understood. Its objective was to develop
criteria to choose suitable earthquake recordings to be used in non-linear dynamic
analyses for seismic design, control and upgrade of reinforced concrete (RC)
structures.

Standard simplified methods of seismic calculation generally contain an unknown
margin of conservatism. This is usually a minor problem for new structures, the cost
of an unnecessary conservative margin being most of the time insignificant. The
situation, however, is different for existing structures: A conservative recalculation
may lead to the result that the structure is unsafe, whereas a more realistic cal-
culation would show that it is safe enough. Money may be spent unnecessarily for
upgrading. Since one "unit of earthquake safety" is more expensive to be obtained
for an existing building than for a new one, it is important to predict the seismic
behaviour of existing structures as realistically as possible. Non-linear dynamic time
history analyses are usually thought to be the most realistic approach.

Up to now, if non-linear dynamic analyses were performed, they were usually done
with artificial acceleration time histories. The reason is that until recently, there were
not enough recordings of acceleration fime histories available. Furthermore, most
engineers believe that artificial time histories covering the whole frequency range
of a design response spectrum represent a conservative input for the analysis.
However, this is not necessarily frue for non-linear systems. Since more and more
recorded time histories have become available in recent fimes, it would now often
be possible to work with recorded time histories. However, no aid is given to the
engineer how to choose fime histories that are appropriate to a given design or
upgrade situation.

If several acceleration time histories have the same spectral acceleration at the
natural frequency of a single-degree-of-freedom-system (SDOF system), the same
displacement or ductility demand would result for this SDOF system from standard
response spectra analyses. However, non-linear dynamic analyses would lead to
different displacement or ductility demands. The key question is what character-
istics of the acceleration time history influence the system's displacement or
ductility demand. The structural engineer will only be in a position to choose the
earthquake recordings for non-linear dynamic analyses in a rational manner once
this question is answered.

The research project presented here aimed at answering that question. As a
conclusion, recommendations for structural engineers are formulated that are
believed to increase the reliability of non-linear seismic analysis.

The final part of this research project was devoted to a recent open question in
engineering seismology and earthquake engineering: the impact of "fling" on
structural behaviour. Fling is a strong velocity pulse that results in permanent
ground displacement. It has been observed in recent earthquake recordings
stemming from stations situated close to the earthquake source. The displacement
and ductility demands were calculated for time histories containing fling before
and after extracting the fling, and the results were compared with each other. In
order to guide their future research, the seismologists would like to know from the
engineers whether fling significantly influences structural behaviour or not.
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2.1

2.2
2.2.1

Methodology

Structures

In the current study, it was chosen to model RC structures by means of non-linear
SDOF systems and use their displacement and ductility demands as the decisive
characteristics of the non-linear response. Each SDOF system is defined by its:

"initial" natural frequency (f, = 0.25; 0.5; 0.75; 1.0; 1.5; 2.0; 3.0 and 4.0 Hz)
- yield displacement (d,)
- hysteretic model (six recognized hysteretic models)

The initial natural frequency corresponds to the mean stiffness between the
position at rest and the position aft first yielding of the structure.

AF

dly Sld mean
Figure 1: Definition of the structure.

For a given natural frequency, the yield displacement is chosen as being (Fig. 1):
S

d ,mean
d , = —R
where S, .. represents the mean value of the spectral displacements of the recor-
ded fime histories that were used. R is the strength reduction factor that takes the
following values: 2, 3, 4 and 5. This means that for a given initial natural frequency
and a given strength reduction factor, an identical SDOF system is subjected to the
different acceleration time histories. Therefore, for the consideration of the
correlation coefficients, displacement and ductility demand are interchangeable.
They are related by the yield displacement d,, being the same for all time histories.
Therefore, the results and conclusions are valid for displacement as well as for
ductility demand.

The six hysteretic models that were considered are illustrated and described in
appendix A.1. The displacement and ductility demands were computed for each
of the six hysteretic models. As they all yielded very similar results, it was decided to
only focus on the Takeda model for the interpretation of the results.

Earthquake recordings

Database

A database of 164 recorded time histories was extracted from the European Strong
Motion Database (Smit et al., 2000). Only time histories with a peak horizontal
acceleration (PHA) of at least 0.6 m/s* were used, 0.6 m/s’ being the peak ground
acceleration of zone 1 in the Swiss building code SIA 261. Furthermore, only
recordings for magnitude values of at least M = 5.0 were maintained in the data
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base (no distinction was made for different definitions of magnitude), since lower
magnitude events rarely cause structural damage. No condition was imposed on
epicentral distance while selecting the fime histories. Figure 2 shows the distribution
of the magnitude with respect to the epicentral distance.
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Figure 2: Magnitude versus epicentral distance plot for the 164 events.

Earthquake characteristics

A literature review led to the selection of earthquake characteristics as described
below.

The peak horizontal acceleration, also called peak ground acceleration (PGA)
(Elenas, 2002), which is known to correlate badly with structural response, was
chosen here for reference.

PGA is sometimes a bad indicator as an acceleration time history might have a
sudden peak in an otherwise low energy ground motion. Hence, a further para-
meter called effective peak ground acceleration (EPGA) is used according to
Musson (2002). EPGA is defined as the mean of the spectral acceleration between
0.1 s and 0.5 s at an interval of 0.02 s, divided by a standard spectral amplification
of 2.5,

The magnitude is also examined. The values used are those given in the European
Strong Motion Database (Smit et al., 2000). They may correspond either to the mo-
ment magnitude M, the surface wave magnitude M, or the local M, magnitude.

The Arias intensity duration is the interval during which a certain proportion of the
total Arias intensity gets accumulated. The definition used by Elenas (2002) is
chosen here.

The uniform duration, originally proposed by Bolt using narrow band filtered acce-
lerograms, is the sum of the intervals during which the absolute acceleration level
exceeds a particular threshold (Bommer et al, 1999), here 0.5 m/s”.

The spectral acceleration (S) is the best-known parameter to structural
engineers. It is the peak elastic acceleration of a SDOF system for the entire range
of frequencies or periods for a given damping ratio, here being 5%.
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The spectral intensity is based on the pseudo-velocity response spectrum. The
definition given by Nau et Hall (1984) is called Sl a in the current study:
A PSV [m/S]

1 :
Sta (@)= [ Arhar. =

0.285 2.0

A new definition of spectral intensity, called Sl b in the current study, is infroduced.
The inferval used for the computation is closely related to the expected structural
seismic response.

3 Psy (M4A)
1 n
S[b(é/’anR)ZEITOPSV(é’)-dT, ¢ =5%,
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7777777777777777777777 ‘ The period T, corresponds to the secant stiffness that
| can easily be linked to the initial fundamental period
; T, if the equal displacement rule is assumed. The slope
Y : 3 of the steep line in the figure beside corresponds to
the initial fundamental period T,. The slope of the less
inclined line corresponds to the secant period T.

Since the initial fundamental vibration characteristics of RC elements change due
to the occurrence of damage, it makes sense to analyse the slope m of the
acceleration response spectrum (S.)) between the initial (f) and the degraded (f,)
natural frequency.
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2.3

The major drawback of the slope characteristic is that it has to be performed in a
highly damped response spectrum. It was therefore decided to smooth the jagged
spectrum by using the average slopem related to a 5 % damped response
spectrum as usual.

+ S, (MA2)
S,(f0-¢)=S,  (f3-¢)

smean , — 5%[
fo _fs é/

2

m(¢, £, R)=

J5.(¢)-ar

02 Supeanfo:6)= 7

Computation of correlation coefficients

For the various SDOF models, defined by f, and R, the correlation coefficients
between the displacement or ductility demand and the examined earthquake
characteristics were computed. The details of the results are presented in graphs
as a function of the initial fundamental frequency in the appendices A.2 to A.7.
Correlation coefficients superior to 0.6 were considered as significant. An example
of a poor and a good correlation is given in Figures 4 and 6, respectively.

Resulting correlation coefficients

The direct use of the original acceleration time histories for the computation of the
correlation coefficients would lead to some difficulties in interpreting the results
because of the large scafter of the recorded spectral accelerations (see appendix
A.2). The original acceleration time histories were therefore scaled in such a way
that they all had the same spectral acceleration at the SDOF system's initial natural
frequency, namely the mean value S, ... As a direct consequence, the peak
linear displacement demands became the same for all fime histories.

The scaling described above corresponds to the question brought up in the
infroduction of the present report: what characteristics of the acceleration time
histories influence the SDOF system's displacement or ductility demand, given the
same spectral acceleration at the system's natural frequency. Furthermore, the
scaling made sure that all ground motions pushed the SDOF system into the non-
linear range.

The spectral intensities SI a and Sl b gave the highest correlation coefficients. The
discussion that follows focuses therefore on spectral intensities and slope charac-
teristics - as well as on magnitude for comparison. The correlation coefficients
obtained for the other characteristics are significantly lower than those found for
spectral infensities and slope characteristics. They may be found in (Sharma, 2002).
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3.1

3.2

Magnitude

Figure 3 shows the correlation between ductility demand and magnitude for R = 3
as a function of the initial natural frequency. The results are poor since the
correlation coefficients remain below 0.3. The fact that the coefficients are positive
is logical though. Figure 4 highlights the scatter of the ductility demand as a
function of magnitude for the 164 time histories.

Magnitude - Ductility Demand correlations, R =3
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Figure 3: Correlation coefficients between ductility demand and magnitude.
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Figure 4: Scatter of the ductility demand as a function of magnifude for f, =

1.0 Hz and R = 3. Correlation coefficientr=0.17.

Spectral intensities

Figure 5 shows the correlation between ductility demand and spectral intensities
for R = 3 as a function of the initial natural frequency. With correlation coefficients
constantly between 0.6 and 0.9, the newly defined spectral intensity Sl b can be
considered as being very satisfactory. Nau & Hall's definition, SI a, yields higher
values for frequencies above 1.5 Hz, but shows poor performance below 1.0 Hz.
Figure 6 is the counterpart of Figure 4 for a much better characteristic, namely Sl b.



Choice of recorded acceleration time histories

23/08/03

Page 9

3.3

Spectral Intensity - Ductility Demand correlations, R =3
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Figure 5: Correlation coefficients between ductility demand and spectral
intensities according to Nau & Hall (Sl a, straight line) and according

to the new definition (Sl b, dotted line), respectively

f,=1.0Hz;R=3
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Figure 6: Scatter of the ductility demand as a function of spectral intensity Sl b

for f,= 1.0 Hz and R = 3. Correlation coefficient r = 0.76.

Slope

Figure 7 shows the correlation between ductility demand and slope for R = 3 as a
function of the initial natural frequency. Here, the correlation coefficients are
negative, which is plausible. A negative correlation means that the flatter the
response spectrum below the initial natural frequency, the higher the expected
displacement or ductility demand.

The computations for three different damping ratios show that the best correlation
is obtained for a reasonable damping ratio that does neither totally flatten the
spectrum nor leaves too many isolated "aleatory" peaks.

The positive correlation that appears for 0.25 Hz is an artefact. The frequency
content of most recorded ground motions is unreliable below 0.2 Hz or 0.3 Hz owing
to standard high pass filtering that is often applied for base line corrections.
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3.4

Slope - Ductility Demand correlations, R=3
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Figure 7: Correlation coefficients between ductility demand and slope for 10 %
(dofted line), 20 % (circles) and 30 % (friangles) damping. The results
for the average slope (dashed line) are plotted as well.

Average slope

The correlation between ductility demand and average slope for R = 3 as a
function of the inifial natural frequency is already shown in Figure 7. It turns out that
the average slope gives similar results as the slope for frequencies above 1.0 Hz.
However, for lower frequencies, average slope performs much better,

Figure 8 focuses on the differences between the correlation for average slope and
the newly defined spectral intensity SI b. It was of course necessary to take the
absolute values of the average slope correlation coefficients. The results are nearly
identical. Nevertheless, it is worth noticing that the spectral intensity seems to give
a slightly better correlation.

Sl b/ Average slope - Ductility Demand correlations, R =3
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Figure 8:  Correlation coefficients between the average slope (continuous line)
and the newly defined spectral intensity SI b (dotted line).
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3.5

Conclusions and validation

The main findings obtained so far may be summarised as follows:

- Based on the results presented in section 3 (and appendix A.2), displacement or
ductility demand shows the best correlation with the newly defined spectral
intensity Sl b. This result remains also valid if acceleration time histories are used
that have different spectral accelerations at the SDOF system's inifial natural
frequency.

- The correlation with the average slope m characteristic is practically as good
as with SI b. However - see section A.7.2 -, average slope is only a valid
characteristic if time histories with identical spectral acceleration at the SDOF
system's initial natural frequency are compared.

- For unscaled time histories featuring quite different spectral accelerations, the
classical spectral acceleration S, sfill gives a rational indication of the "severe-
ness" of the earthquake ground motion.

Validation tests were carried out in order to confirm the facts highlighted above. A
SDOF system, defined by its initial natural frequency f, and its expected strength
reduction factor R, was submitted to two specific types of ground motions: syn-
thetic and recorded time histories. The entire validation may be found in appendix
A.8. The related findings, reported below, clearly confirm the facts found so far.

By confronting the ranking of the time histories, on the one hand based on
displacement or ductility demand found by non-linear analysis, and on the other
hand based on the different earthquake characteristics, it is possible to make the
following statements:

- The newly defined spectral intensity Sl b always gives the best results.

- The classical spectral acceleration characteristic S, is not so bad - it figures out
about 2 of the 3 worst cases. This performance is however largely fributary to the
fact that large acceleration peaks occur in a set of recorded earthquakes.

- The average slope m characteristic is mostly efficient for small strength reduc-
tion factors and at low frequencies since the integration interval remains small
and the influence of local peaks in the spectrum is fully taken into consideration.

Fling

The final part of this research project was devoted to a recent open question in
engineering seismology and earthquake engineering: the impact of "fling" on
structural behaviour. Fling is a strong velocity pulse that results from the permanent
tectonic ground displacement that corresponds to the slip on the causative fault.
Fling was recently observed in the near fault ground motions of the 1999 Kocaeli
(Turkey) and Chi-Chi (Taiwan) earthquakes.

Figure 9 shows the TCO 052 E recording of the Chi-Chi earthquake in its original
version, i.e. with fling, and affer extraction of the fling, i.e. without fling. A strong
velocity pulse corresponding to a step in displacement can clearly be observed in
the original recording. In acceleration, the fling corresponds to one period of more
or less a sinus function, but little can be seen of this in the acceleration time history.
Note that the algorithm used for the computation of the SDOF system's ductility
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4.1

demand did not converge for this fime history; this was probably due to the strong
fling present in the TCO 052 E recording.
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Figure 9: TCO 052 E recording of the Chi-Chi (1999) earthquake with fling and
after extraction of the fling. a strong velocity pulse as well as a kind of
step function for the displacement can be seen.

Up to now, research on fling seems to be limited to the seismological community;
the impact of fling on structural behaviour has not yet been studied. In order to
guide their future research, the seismologists would like to know from the engineers
whether fling significantly influences structural behaviour or nof.

Methodology

As a very preliminary study, 18 recordings (acceleration time histories) of the Chi-
Chi earthquake containing fling were applied to the SDOF systems. Then, the same
recordings, after "manual" extraction of the fling, were applied again to the same
SDOF systems. The displacement or ductility demands were calculated for the time
histories with and without fling, and the results were compared with each other.

The set of 18 recordings was not homogenous in the sense that the amplitude of
the fling strongly varied from one case to the other.

The seismic structural responses were computed with the Takeda model and for
four strength reduction factors: R = 2, 3, 4 and 5. Since fling has a relatively low
frequency content, only initial natural frequencies ranging from f, = 0.25 Hz to f, =
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2 Hz were considered. In order to focus on fling only, the yield displacement of the
SDOF systems was kept constant for each recording with and without fling and was
equal to the mean value of the related spectral displacements, divided by the
strength reduction factor R.

Results and conclusions

In many cases, rather small differences in the displacement or ductility demand
resulted from the time histories with and without fling. In fact, many of the
earthquake recordings that were used only contained a relatively weak fling. The
detailed results are shown graphically in Appendix A.9.

Where significant differences occurred, they were limited to the lowest frequency
domain (< 1 H2), as can be expected from the low frequency character of flings.
The differences tended to increase with the level of the strength reduction factor
R. Surprisingly, where differences occurred, larger displacement or ductility
demands resulted for the recordings without fling, except for one single case. The
reasons for this peculiar result are not understood. The calculations were carefully
checked in order to make sure that there was no confusion between the cases
with and without fling.

Figure 10 presents the differences in ductility demand, A(u,) (ductility demand
without fling minus ductility demand with fling), as a function of the fling amplitude
in acceleration for the case of R = 3. The A(u,) given in Figure 10 corresponds to the
maximum difference, irrespective of frequency, that could be found. A relatively
poor correlation can be observed, with nevertheless a rough tendency of larger
A(uy) for stronger flings.
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Figure 10:  Ductility demand without fling minus ductility demand with fling, A(u),
as a function of the fling amplitude in acceleration for R = 3

The limited number of recordings used in this investigation does not yet allow to
draw general conclusions, particularly in view of the counterintuitive results. Much
more research work is necessary to understand the impact of fling on RC structures.
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Recommendations

The following recommendations are based on the present study of ductile RC
SDOF systems. Therefore, they can be expected to be valid for structures that can
reasonably be modelled as SDOF systems. The behaviour of more or less regular
ductile RC structures is usually well approximated by SDOF models. More research
work, however, would be necessary in order to further develop and test these
recommendations for strongly irregular RC structures that behave more like multi-
degree of freedom systems.

The following recommendations can be given for the choice of acceleration time
histories to be used for non-linear seismic analyses:

- The spectral acceleration S, of the acceleration fime history should be equal or
close to the spectral acceleration of the given design spectrum at the initial
fundamental period T, of the structure under study and, as far as possible, within
the range between T, and the period Ts, Ts being the fundamental period that
corresponds to the secant stiffness for either the expected ductility demand or
the design ductility.

- The "severeness" of several time history candidates that fulfi the above
conditions can be ranked with the aid of the newly defined spectral intensity
Sl b: the larger SI b, the higher the displacement and ductility demand. It is up to
the sfructural engineer to decide whether to use the most "severe" time histories
for worst case studies or to use time histories that have neither particularly high
nor particularly low values of Sl b.

4 Psy (M5) 1
SIb\¢,T,,R)= ‘P, -dT , =5%,
€TR)=7—7 J, P (¢) s
R
where T, =T0~\/_=£
0
P,, is the pseudo-velocity spectrum and ¢ the
damping ratio. T, is the initial natural period and T
TES] corresponds to the secant sfiffness. R is the
To T, strength reduction factor.

Project significance

Seismic design, control and upgrade is of growing economic importance in
Switzerland:

- several cantons (Valais, Basel, Aargau, Berne, etc.) have launched a seismic
control and upgrading program for their important structures

- the Swiss Confederation has started its own seismic control and upgrading
program

- about three years ago, an agreement was signed between the public
authorities and the chemical industry in Basel for a systematic check and
upgrade of safety relevant buildings and installations
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— some important national and international companies have started their own
seismic program in order to limit production loss in case of an earthquake
(example: Lonza Ltd, Basel/Valais)

As is generally recognised, the seismic risk is particularly important for existing
structures. Around 90 % of the structures that exist today were built according to
ancient codes that did not yet take into account seismic safety in an adequate
manner. Therefore, an important, but unknown number of structures do not
correspond to current seismic safety standards.

For particularly important RC structures, as well as for checking simplified methods
of seismic evaluation, it is expected that more and more non-linear seismic
analyses will be performed in the future. The results of the present research project
allow to choose the acceleration time histories needed for such calculations in a
more rational manner than before. As a by-product, the "severeness" of
earthquake recordings with respect to a given RC structure can be evaluated with
the aid of the newly defined spectral intensity S| b.
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A.l

Hysteretic models

The force-displacement relationships defining the six hysteretic models that were
considered in the project are plotted in the figure below.

elastoplastic (EP-model)n y-model: §=0.350

74
A

7

force

Takeda: &1=0.0, =0.00

force

Takeda: ©1=0.4, 3=0.00

force

displacement displacement

The six hysteretic models that were used in the present research
project

Figure A.1.1:

Elastoplastic model: The elastoplastic model (EP-model) is sometimes also called
bi-linear model. Even if it is mainly intended for elastoplastic material, such as steel,
this model is intensively used for all types of materials because of its simplicity. The
force-displacement relationships of the EP-model are totally specified through
three parameters: the stiffness, the yield displacement and the post yield stiffness
expressed as a portion of the stiffness. For the simulation of reinforced concrete,
the main default of the EP-model is the too stiff reloading curve after yielding and
unloading. This characteristic does not take into account the closure of the cracks.
It leads to excessive energy dissipation by the inelastic cycles and to unrealistic
permanent deformations.
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Gamma model; According to Lestuzzi et al. (2003), the EP-model is modified with a
condition for the reloading curves specified by a supplementary parameter y. For
large vyield excursions (displacements greater than current peak displacement),
the reloading curves cross the elastic portion of the envelope at a height of 1-y of
the vyield force. Otherwise (displacements smaller than current peak
displacement), the reloading curves aim for the current peak displacement. The
force-displacement relationships of the y-model are specified through four
parameters: the stiffness, the yield displacement, the post yield stiffness and y. The
value of y has to be determined empirically. Similar to the EP-model, the y-model
does not consider stiffness degradation due to increasing damage. The name of
the model reflects the shape of the produced hysteretic loops, which looks like the
symbol y.

Takeda model: Since the Takedo-model includes realistic conditions for the
reloading curves, it provides a much better simulation of the features of reinforced
concrete in comparison with the EP-model. Moreover, the Takeda-model takes
info account the degradation of the stiffness due to increasing damage, which is
an important feature of reinforced concrete subjected to seismic action
(Saatcioglu, 1991). However, the Takeda-model does not include strength
degradation.

The Takeda-model was initially proposed in a basic version by Takeda et al. (1970)
and was adapted afferwards through many authors. The version used here is the
one of Allahabadi et al. (1988). The force-displacement relationships of the
Takeda-model are specified through five parameters: the initial stiffness, the yield
displacement, the post vyield stiffness, a parameter relating the stiffness
degradation and another specifying the target for the reloading curve. Different
rules are used for large and for small hysteretic cycles. The small cycles are, one
more fime, divided into small cycles with yielding and small cycles with small
amplitudes.

Takeda model (zero): This model considers a specific and simple case of
Takeda model where o = 0 i.e. no degradation of the unloading stiffness is taken
info account.

Q model: A simplified version of the Takeda-model was proposed by Saiidi et al.
(1981), the @-model. In comparison with the Takeda-model, the consideration of
the absolute value of peak displacement for both directions constitutes the main
simplification. Moreover, there are no distinctions between large and small
hysteretic cycles. The reloading curves systematfically farget the point
corresponding to the absolute value of actual peak displacement.

Similar to the Takeda-model, the Q-model takes into account the stiffness
degradation, but does not take into account the strength degradation. The force-
displacement relationships of the Q-model are totally specified through four
parameters: the initial stiffness, the yield displacement, the post yield stiffness and a
parameter relating the stiffness degradation.

Q model (zero); this model proceeds assuming the factor o = 0 and hence does
not consider the degradation of the unloading stiffness.

The displacement and the ductility demands were computed for each of the six
hysteretic models. Apart from the elastoplastic model, whose simplistic modeling of
RC elements leads to a general underestimation of the ductility demand, they all
yielded very similar ductility demands. It was therefore decided to focus on the
Takeda model for the interpretation of the results.
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A.2

A.2.1

Correlation coefficients for original earthquake recordings

This chapter discusses the situation when the original acceleration time histories
with very different levels of spectral acceleration are applied to the SDOF systems.

Scatter of the recorded earthquakes’ spectral values

Since the 164 spectral displacement values S, are very scattered as shown in
figure A.2.1, plus having in mind how the structures are defined (see below), it
should not be surprising that there are earthquakes that do not drive the structure
info the non-linear range.

164 184

Figure A.2.1: Scatter of the spectral displacements of the 164 time histories at four
frequencies: 0.5 Hz, 0.75 Hz, 1.0 Hzand 1.5 Hz.

S
Indeed, if S,; < d;“’" . the structure will remain elastic under the action of that

particular earthquake. Table A.2.1 shows how many earthquakes actually frigger a
plastic behavior of the structure.

Table A.2.1: Number of earthquakes - out of 164 - that lead to a plastic behavior
of the structure

| 025Hz 05Hz 0.75Hz 10Hz 15Hz 20Hz 30Hz 40Hz

R=2 66 71 82 89 98 102 119 132
R=3 88 86 96 109 117 126 141 151
R=4 94 100 110 122 130 141 157 162
R=5 102 112 125 132 139 1561 161 164

The results for the characteristics examined with the original earthquakes are
presented and illustrated by a single graph as far as the differences with respect to
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A.22

A.2.3

the various strength reduction factors remain small. The complete results are given
in the appendix A.3 to A.7.

Spectral acceleration

Figure A.2.2 shows the correlation coefficients for R = 3 for both the set of 164
earthquake recordingss and a restricted set - between 86 and 151 time histories
according fo table A.2.1 - containing only those that set off a non-linear behavior.
The correlation coefficients are very high for very low frequencies, but become
quickly somewhat lower for stiffer structures. Contrary to one’s intuition, the
correlation coefficients are lower for the restricted set of earthquake recordings.

Spectral Acceleration - Ductility Demand correlations, R =3

0.9 —

06

0.5

0.0 05 1.0 15 20 25 30 35 4.0
Frequency [Hz]

Figure A.2.2: Correlation coefficients between the ductility demand and the
spectral acceleration for the 164 time histories (straight line) as well as
for a set restricted to the earthquakes that actually frigger a structural
non-linear behavior (dotted line).

The earthquake recordings that let the structure elastic are obviously perfectly
correlated (r = 1.0) to the ductility demand. For recordings featuring different
spectral accelerations at the SDOF system's natural frequency, it is not surprising
that the ductility demand is closely related to S,. Hence the idea to check which
characteristic of a time history influences the ductility demand when S, is set
constant. This concept is tackled in section 3.

Spectral intensities

Figure A.2.3 shows the correlation coefficients for R = 3 for the two types of spectral
intfensities examined here. The data are related to the entire set of 164 earthquake
recordings.
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Spectral Intensity - Ductility Demand correlations, R =3

0.8
@

2
K]

2 ——sla
H -+ Slb

0.7

0.6

0.5

0.0 05 10 15 20 25 3.0 35 4.0
Frequency [Hz]

Figure A.2.3: Correlation coefficients between the ductility demand and the
spectral intensity according to SI a (continuous line) respectively the
new definition SI b (dotted line).

The new definition suggested in the present study improves the correlation
coefficients in the low frequency domain. Elsewhere, it becomes less interesting but
still shows correlation coefficients superior to 0.8. Sla and Sl b can thus both be
qualified as reliable characteristics.
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A.3 Correlation coefficients for spectral acceleration

Spectral Acceleration - Ductility Demand correlations, R = 2

The correlation os
coefficients are
plotted in function of g 00
the frequencies, for
the four strength Sor
reduction factors.
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for the 164 original
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lead the structure intfo 00
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Frequency [Hz]
Spectral Acceleration - Ductility Demand correlations, R = 4
0.0 0.5 1.0 15 quu:"(::y[Hl] 25 3.0 35 4.0
Spectral Acceleration - Ductility Demand correlations, R=5
09 :\‘

Correlatio
° °

0.0 0.5 10 15 20 25 3.0 35 4.0
Frequency [Hz]



Choice of recorded acceleration time histories

23/08/03

Page 24

A.4 Correlation coefficients for magnitude

Magnitude - Ductility Demand correlations, R = 2

The correlation

coefficients are

plotted in function of

Correlations.

the frequencies, for
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the four strength

reduction factors.
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A.5 Correlation coefficients for spectral intensities

A.5.1 Original earthquake recordings: bias

Sl a - Ductility Demand correlations, R = 2

The correlation 0s
coefficients are
plotted in function of g 08
the frequencies, for
the four strength S o
reduction factors.

0.0 05 1.0 15 qu“:"(lymz] 25 3.0 35 4.0

Sl a - Ductility Demand correlations, R=3

The data are those for .
the spectral intensity B o
according to Nau &
Hall.

0.0 05 1.0 15 Freq“:'.lacy vl 25 3.0 35 4.0
The Conﬂnuous |ines Sl a - Ductility Demand correlations, R = 4
represent the values
for the whole set of
164 time histories. 0s \//
The dotted lines
illustrate what
happens when only Sar
the earthquakes that
frigger a plastic
behavior of the
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Sl a - Ductility Demand correlations, R=5

Frequency [Hz]



Choice of recorded acceleration time histories 23/08/03 Page 26

A.5.2 Original earthquake recordings

Spectral Intensity - Ductility Demand correlations, R = 2

The correlation 0 /\\
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reduction factors.
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A.5.3 Scaled earthquake recordings

Spectral Intensity - Ductility Demand correlations, R = 2
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A.6 Correlation coefficients for slope

The correlation
coefficients are
plotted in function of
the frequencies, for
the four strength
reduction factors.

The results are given
for the 164 scaled
earthquake recor-
dings (i.e. all recor-
dings are scaled in
such a manner that
the value of S, at the
SDOF system's naturall
frequency is identi-
cal).

The first three types of
curves differ by the
percentage of critical
damping, set as ¢ =
10, 20 and 30 %.

The dashed curves
illustrate the results
when the average
slope is considered.
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A.7 Correlation coefficients for average slope
A.7.1 Scaled earthquake recordings
Sl b/ Average slope - Ductility Demand correlations, R = 2
The correlation
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A.7.2 Original earthquake recordings

SI b/ Average slope - Ductility Demand correlations, R = 2
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A.8

A.8.1

A.8.2

Validation

Before validation tests are presented, the main findings obtained so far are
recalled:

- In order to estimate the displacement or ductility demand of acceleration time
histories with very different response spectra, the classical spectral
acceleration S, af the SDOF system's natural frequency is a good characteristic,
especially in the low frequency domain.

- Based on the results presented in appendix A.2 and in chapter 3, it seems that
predicting the ductility demand of a couple of acceleration time histories is best
performed by the newly defined spectral intensity SI b. This is true for time
histories with different as well as with equal spectral accelerations at the SDOF
system's natural frequency

- The average slope m characteristic is only efficient for scaled time histories -
see section A.7.2 - and should therefore be considered as a confirmation
characteristic at disposal for groups of time histories with identical spectral
acceleration at the SDOF system's natural frequency.

Godl

The objective is to check whether the facts highlighted above remain frue when
submitting a SDOF system, defined by its initial fundamental frequency f, and ifs
expected strength reduction factor R, to two specific types of ground motion.

Synthetic fime histories

Structural engineers without specific seismological knowledge may feel more
confident with the use of synthetic earthquakes, which can be processed so as to
match design demands. The best - producing non-stationary time histories -
simulation method available today is the one developed by Sabetta et al. (1996).
Besides, the use of synthetic earthquakes that differ only by their phases enables
the generation of different sets of time histories displaying the same spectral mean
value at a given frequency. The question raised in appendix A.2 can thus be
tackled.

Two sets of ten time histories, featuring an average spectral value contained in a
10% interval around a given spectral value - S, ., of the database at 1.0 Hz - are
processed. The slope at 1.0 Hz for the set A - magnitude 7.0, epicentral distance
50 km - is flafter than for the set B - magnitude 5.9, epicentral distance10 km - as

shown in figure A.8.1.
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Figure A.8.1. Average acceleration spectra for set A and B

The non-linear response and the values of the earthquake characteristics are
computed. Their averages are given below.

Forf,=1.0Hzand R =5.0

Set | u Sla Sb m
Al 460 234 212 2412
B| 390 212 149 3167

It appears that all three examined characteristics catch the difference between
the two sets of earthquakes. This little example shall just be viewed as a basic
confirmation since the analysis is based on averages.

A.8.3 Recorded time histories

The spectrum valid for zone 3a - PGA = 1.3 m/s’ - for a soil of type B according to
SIA 261 is chosen. Such conditions are for example encountered in Basel. Ten tfime
histories are extracted from the database. The selection was performed in a way
that a validation of the suggested characteristics could be carried out. This means
in particular that the boundaries used to select the time histories were rather loose.
Figure A.8.2 shows the corresponding response spectra along with their mean
value.
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Figure A.8.2: Response spectra of the ten selected recorded time histories used for

the validation of the suggested characteristics.

The average

spectrum as well as the design spectrum are plotfted too. The vertical
lines represent the frequencies for which validation computations

were performed.

The time histories are ranked by decreasing ductility demand. The three worst
values - i.e. those that are expected to identify the most demanding time
histories - are printed in bold. The darker the shading, the more demanding is the

tfime history.

Forf,=0.6 Hzand R =4.0

Quake | 177 147 123 187 192 179 182 157 116 144
Slb| 038 038 033 030 021 021 016 008 011 O01I

m | 1.61 -0.19 521 1.07 393 015 162 182 071 0.33
Sla| 031 03?2 030 024 034 027 022 020 019 021

S,| 1.14 099 168 092 1.12 05 066 049 040 0.34
uy| 100 648 512 495 385 303 268 251 1.97  1.66

Forf,=1.0Hzand R =3.0

Quake | 147 123 192 177 179 187 182 157 144 116
Slb| 032 030 035 029 027 023 021 021 016 015

m | 439 044 1.24 418 628 206 129 403 541 285
Sla| 0.3 030 034 031 027 024 022 020 021 019

S,| 246 1.45 1.91 221 266 147 125 1.85 1.94 130

Uy | 892 441 425 401 340 300 285 255 241 22]
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Forf,=1.25Hz and R =5.0
Quake 147 123 177 192 179 187 182 157 116 144
SSb| 0.3 030 031 033 029 023 021 022 017 02
m | 851 047 389 275 147 044 366 260 384 691
Sla| 0.3 030 031 034 027 024 022 020 019 02
S,| 879 158 295 262 205 1.32 231 206 222 3.60
11.7
y 7 9.03 8.49 7.42 625 587 497 465 446 423
Forf,=2.0Hzand R =4.0
Quake 147 177 144 192 123 179 187 116 182 157
SSb| 044 037 035 032 023 030 023 025 025 024
m | 240 365 -0.12 411 222 112 293 409 280 211
Sla| 032 031 021 034 030 027 024 019 022 020
S,| 489 501 283 482 315 305 341 422 3564 307
11.0
Ha 0 852 6.40 6.15 4.49  4.01 3.90 371 3.65 342

By confronting the ranking of the fime histories based on the non-linear response to
the one based on a given earthquake characteristic, it is possible to draw the

following statements:

- The newly defined spectral intensity Sl b always gives the best results.

- The very simple spectral acceleration characteristic S, is not so bad - it figures
out about 2 of the 3 worst cases. This performance is however largely tributary 1o
the fact that large acceleration peaks occur in a set of recorded time histories.

- The average slope M characteristic is mostly efficient for small strength reduc-
tion factors and low frequencies since the infegration interval remains small and
the influence of local peaks in the spectrum is fully taken into consideration.

The authors think that it is not really the ability of a characteristic to exactly predict
the same rankings as the non-linear response that matters, but rather the
assurance that the three worst time histories are detected. This is a specific feature
of dynamic non-linear computations, which need to be carried out for at least
three different time histories.
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A.9 Comparison of ductility demand with and without fling

A.9.1 Recording Tcu048 (e: east component, n: north component)

Tcu048e, Takeda, R=2 Tcu048e, Takeda, R=3 Tcu048e, Takeda, R=4 Tcu048e, Takeda, R=5
1 . 1 . ; 1 ; 1 ;
0.9 bl
0.8 4
E 0.7 b
>
o
j =
[
3
o
Q
=06 bl
©
]
T
j=
s
€05 bl
0.4 bl
0.3 b
0.2 ! ! 0.2 ! ! 0.2 ! 0.2 ! .
2 3 4 2 4 6 5 10 5 10 15
pdelta pdelta pdelta pdelta
Tcu048n, Takeda, R=2 Tcu048n, Takeda, R=3 Tcu048n, Takeda, R=4 Tcu048n, Takeda, R=5
1 1 1 T T 1 T
0.9 B 0.9 B 0.9 bl
o: with fling
0.8 = 0.8 = 0.8 B
*: without fling
E 0.7 — 0.7 — 0.7 b
>
o
j =
[
3
o
()
=06 B 0.6 B 0.6 bl
©
]
©
j=
s
€05 B 051 B 0.5 B
0.4 b 0.4 b 0.4 -
0.3 — 0.3 — 0.3 b
0.2 ! ! 0.2 ! ! 0.2 . ! 0.2 !
0 2 4 6 0 5 10 15 0 10 20 30 0 20 40

pdelta pdelta pdelta pdelta



Choice of recorded acceleration time histories 23/08/03 Page 36

A.9.2 Recording Tcu049 (e: east component, n: north component)
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A.9.3 Recording Tcu050 (e: east component, n: north component)
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A.9.4 Recording Tcu051 (e: east component, n: north component)
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A.9.5 Recording Tcu053 (e: east component, n: north component)
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A.9.6 Recording Tcu054 (e: east component, n: north component)
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A.9.7 Recording Tcu055 (e: east component, n: north component)

initial natural frequency [Hz]

initial natural frequency [Hz]
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A.9.8 Recording Tcu056 (e: east component, n: north component)
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A.9.9 Recording Tcu057 (e: east component, n: north component)
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